Introduction {#s1}
============

Adult stem cells (ASCs) are ultimately responsible for all tissue turnover in humans, which has been estimated to be approximately 10^10^ cells per day ([@bib54]). This feat is achieved through a delicate balance of proliferation and differentiation, in order to maintain a stable stem cell population while replacing the exact number and type of cells lost to cell turnover or injury. This requires inherent asymmetry in stem cell lineages, with some daughter cells retaining stem cell identity while others become committed to differentiate ([@bib50]; [@bib74]; [@bib75]). Asymmetry in cell fate outcomes in stem cell lineages is known to happen in several ways. Asymmetry can be largely intrinsic, driven by the asymmetric distribution of RNA and proteins that drive different fates ([@bib10]; [@bib16], [@bib17]; [@bib18]; [@bib8]). For example, in *Drosophila* neuroblasts, the cell fate determinant Prospero is physically segregated into the daughter cell of a neuroblast division, where it drives differentiation and suppresses stem cell identity ([@bib19]). In contrast, the size of the stem cell population can be controlled almost entirely by extrinsic means, such as in the mammalian intestinal crypt where paneth cells use WNT/Lgr5 signaling to maintain stem cell identity ([@bib76]; [@bib69]). As the paneth cell niche expands in colon cancer, so too does the stem cell population ([@bib15]). Other stem cell types can use a combination of mechanisms, such as in the mammalian postnatal cortex of the brain where Hedgehog signaling maintains stem cell identity, and asymmetric segregation of RNA-binding protein complexes and cellular processes determines cell fate choice ([@bib36]; [@bib37]; [@bib80]). For both regenerative medicine and cancer biology, elucidating how non-stem cell fates are specified is a fundamental aspect of understanding the mechanisms of stem cell lineage development.

The freshwater planarian *Schmidtea mediterranea* (a Lophotrochozoan flatworm) is quickly becoming a powerful model system to study gene function, regeneration, and ASC biology ([@bib62]; [@bib63], [@bib64]; [@bib12]; [@bib26]; [@bib60]; [@bib61]; [@bib1]; [@bib24]; [@bib78]; [@bib6]; [@bib22]; [@bib56]). Asexual planarians are constitutive adult animals and their well-known regenerative abilities are dependent on neoblasts, which possess stem cell activity and express the *piwi* homolog *smedwi-1* (*piwi-1*) ([@bib65]; [@bib53]; [@bib79]). Neoblasts are broadly distributed throughout the mesenchyme where they constitute approximately 20--30% of all the cells in the animal, and serve to replenish all the differentiated cell types during normal tissue turnover and regeneration after injury ([@bib30]; [@bib27]; [@bib83]). At steady state, the population of neoblasts is relatively constant in number despite high levels of tissue turnover, indicating that proliferation, self-renewal, and differentiation are finely balanced ([@bib48]; [@bib45]; [@bib47]). Currently, how neoblasts make the choice to adopt non-stem cell fates remains largely unknown; physical asymmetric segregation of cell fate components has not been demonstrated, and descriptions of any permissive niche-like signal remain elusive ([@bib51]; [@bib56]).

Although all planarian stem cells are *piwi-1*^+^, not all *piwi-1*^+^ cells are necessarily stem cells. Evidence increasingly shows commitment to particular lineages can occur at the *piwi-1*^+^ level as small numbers of these cells also express tissue-specific genes, though it remains unknown whether these cells are self-renewing or will directly differentiate ([@bib32]; [@bib13]; [@bib14]; [@bib71]). Furthermore, recently neoblasts were divided into three major subclasses (sigma, zeta, gamma) based on transcriptional analyses, one of which generates non-dividing progenitors/progeny for the epithelium (zeta) and another postulated to be an intestinal-restricted subclass (gamma) ([@bib79]). As neoblasts are the only mitotic cell type in planarians, they can be selectively ablated by irradiation, and over time, the immediate progeny of neoblasts eventually disappear as well ([@bib53]; [@bib21]). Using fluorescence-activated cell sorting (FACS) analysis of irradiated animals stained with Hoechst, two cell populations can be discerned that are lost compared to non-irradiated animals: the 'X1' gate, which represents cells in the cell cycle with \>2C DNA; and the 'X2' gate, which registers as a \<2C DNA population due to Hoechst efflux. The remaining irradiation-insensitive (Xins) cells are assumed to be postmitotic differentiated cell types possessing 2C DNA ([@bib53]; [@bib27]). Studies have shown that the X1 population is \>90% *piwi-1*^*+*^, and this gate has been used as the stem cell fraction in comparative transcriptomic studies ([@bib53]; [@bib21]; [@bib2]; [@bib68]; [@bib31]; [@bib42]; [@bib55]; [@bib77]). The X2 cell population is only 10--20% *piwi-1*^+^ and is thought to be enriched with immediate postmitotic progeny of neoblasts. This notion is supported by the finding that the five known markers of postmitotic progeny (*prog-1*, *prog-2*, and *AGAT-1/2/3*), predicted to label epithelial progenitors, are most highly expressed in the X2 cell fraction based on RNA-deep sequencing (RNAseq) ([@bib21]; [@bib31]; [@bib42]; [@bib79]). Additionally, other markers that associate with putative committed progenitor cells of the gut, brain, and eyes are also enriched in this cell fraction (*hnf4*, *chat*, and *sp6-9*, respectively) ([@bib83]; [@bib32]; [@bib13]; [@bib71]). No study has comprehensively investigated the cells and transcripts specific to the X2 cell fraction, and the cell types within it remain an enigma.

Here, we hypothesized that regulators that drive stem cells toward postmitotic fates will be highly enriched in the stem cell progeny-associated X2 FACS fraction. Thus, we selected the top 100 transcripts enriched in this FACS gate, as well as 20 that were irradiation-sensitive with no X1 or X2 enrichment, to explore as putative markers or regulators. We found that while X2-enriched genes represented a heterogeneous mixture of cell types, transcripts expressed in epithelial progenitors comprised the predominant gene signature in the X2 fraction. We identified 32 new progeny markers and demonstrated that they are expressed predominantly in either *prog-1/2*^+^ or *AGAT-1*^+^ epithelial progenitors. In addition, *prog-1* and *prog-2* represent members of a larger gene family of unknown function, expressed throughout this epithelial lineage. Through RNA interference (RNAi) screening of the 120 candidate transcripts, we identified a homolog to the RNA-binding protein MEX3 (*Smed-mex3-1*) as a critical regulator of postmitotic stem cell progeny. Knockdown of *mex3-1* completely abolishes regenerative ability and halts the production of *prog-1/2*^+^ and *AGAT-1*^+^ postmitotic progeny populations. *piwi-1*^*+*^ stem cells concomitantly increase in number, an increase that was observed in all three neoblast subclasses. Finally, *mex3-1(RNAi)* worms have impaired contribution to tissue turnover, as evidenced by drastically reduced production of lineage-restricted neoblast descendants and diminished cell addition towards multiple tissue types, in addition to the epithelium. These results suggest that *mex3-1* functions to maintain asymmetry in stem cell lineage progression by promoting postmitotic fates and suppressing self-renewal. Due to the well-known function of MEX3 in mediating asymmetric cell fates during *Caenorhabditis elegans* embryogenesis ([@bib20]), we propose that *Smed-mex3-1* mediates a similar process in planarian stem cell lineages.

Results {#s2}
=======

RNAseq analysis of the progeny-associated X2 FACS cell fraction {#s2-1}
---------------------------------------------------------------

Previously, we published two replicates of Illumina RNAseq of the X2 cell fraction to a depth of 206 million reads ([@bib31]). Here, we sequenced a third replicate to 63 million reads. We found a very high correlation across all of our sequencing replicates, as well as with two irradiated samples from a previous study, which we subsequently analyzed along with our irradiated sequencing ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}, [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}) ([@bib42]; [@bib55]; [@bib77]). To identify transcripts enriched in the X2 cell fraction, we used the program DESeq ([@bib4]) to compare RNAseq from purified X1 and X2 cells vs whole irradiated animals at 7 days after exposure to 60--100 Gray (Gy) of γ-irradiation ([@bib4]; [@bib77]; [@bib23]). This identified 2839 X1 and 1512 X2 transcripts with a p-value ≤ 0.01 ([Figure 1A,B](#fig1){ref-type="fig"}, [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}). It is important to note that X1 and X2 cells shared the majority of their transcriptional profiles ([Figure 1C](#fig1){ref-type="fig"}), and *bona fide* progeny markers can be highly expressed in the X1 fraction, while *bona fide* stem cell markers can be highly expressed in the X2 fraction ([Figure 1A,B](#fig1){ref-type="fig"}). Therefore, to be considered X2-enriched, we imposed the additional criterion that the expression ratio of X2/X1 was \>1, to exclude transcripts jointly expressed in both irradiation-sensitive populations. This eliminated previously known stem cell genes, such as *piwi-1* and *-2*, *PCNA* (proliferating cell nuclear antigen), and *cyclinB* ([Figure 1A](#fig1){ref-type="fig"}; 8th, 45th, 57th, and 80th highest enriched X2 genes, respectively), and reduced the total number of enriched X2 genes to 735 ([Figure 1D](#fig1){ref-type="fig"}, [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}) ([@bib43]; [@bib53]; [@bib21]). Finally, we observed 66 transcripts that were highly expressed in wild-type animals, yet exhibited low counts in irradiated worms and in both X1 and X2 cell fractions (WT^high^X^low^, [Figure 1D](#fig1){ref-type="fig"}, [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}). From the remaining 735 X2-specific genes as well as these 66 other irradiation-sensitive transcripts, we hypothesized that these represented multiple types of irradiation-sensitive progenitor cells. We next cloned the top 100 X2-specific and 20 WT^high^X^low^ transcripts for expression and functional analyses ([Figure 1D](#fig1){ref-type="fig"}, [Supplementary file 2](#SD2-data){ref-type="supplementary-material"}). Genes were annotated based on the top BLAST hit in mouse, when the Expect value passed the threshold of e^−5^.10.7554/eLife.07025.003Figure 1.Transcriptional analysis of irradiation-sensitive cell populations in *Schmidtea mediterranea*.Irradiation-sensitive cell populations (X1, X2) isolated by fluorescence-activated cell sorting (FACS), lethally irradiated whole worms (Irrad), and intact control worms (WT) were analyzed by RNA-deep sequencing (RNAseq). (**A** and **B**) MA plots comparing enrichment in the X2 (**A**) or X1 (**B**) cell populations over Irrad, with average expression level. Each gray dot represents one transcript. Blue dots represent transcripts found to be significantly enriched in the respective cell population through DESeq analysis (X2, p \< 0.01; X1, p \< 0.001). Previously established postmitotic lineage markers are indicated by orange triangles. Previously established stem cell-specific transcripts are indicated as green triangles. Candidate genes identified in this study as markers of epithelial progenitors are indicated as red circles (X2-enriched) or purple boxes (WT^high^X^low^). (**C**) Hierarchical clustering of RNAseq data identifies transcripts enriched in the X2 population (red box), as well as a group of irradiation-sensitive transcripts, which have high expression in intact control worms but low expression in X1, X2, and Irrad populations (purple box, WT^high^X^low^). To improve visualization, the heatmap depicts z-scores scaled to the range of −0.5 to +0.5. (**D**) Selection of candidate progeny genes for analysis was determined by enriched expression in X2 fraction compared to both Irrad and X1 fractions. The pool of candidate genes validated in this study to be expressed in epithelial progenitors is indicated in orange. \>\> denotes more than fivefold enrichment.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.003](10.7554/eLife.07025.003)10.7554/eLife.07025.004Figure 1---figure supplement 1.Statistical correlations between new and published data sets.Scatter plots of transcripts (gray circles) with reads per million values of 1000 or less, displayed as log-transformed values. The black diagonal line represents a Pearson correlation coefficient of 1. The corresponding Pearson correlation coefficients are shown at the top of each panel. All correlation-test p-values were found to be equal to 0 (Student\'s *t-*test). As expected, the replicates in each data are highly correlated, and the Pearson correlation coefficients between the replicates in X1 or X2 are greater than 0.95. Furthermore, sequencing from whole irradiated planarians is highly correlated.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.004](10.7554/eLife.07025.004)10.7554/eLife.07025.005Figure 1---figure supplement 2.Predicted protein alignments of the PROG family that are irradiation-sensitive.An alignment of the 17 PROG family genes used in this study is shown using the tool MUSCLE. Blue shading of residues reflects conservation, which is also plotted below the alignment in the 'conservation' plot.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.005](10.7554/eLife.07025.005)

Interestingly, the predicted proteins encoded by *prog-1* and *prog-2* do not have clear homology to genes in other animals, including the genomes of other sequenced flatworms (*Echinococcus multilocularis*, *Schistosoma mansoni*, *Macrostomum lignano*---[www.macgenome.org](http://www.macgenome.org)) ([@bib9]; [@bib85]). However, we observed that they had low similarity to each other and represented a family of at least 24 distinct members across multiple transcriptomes in *S. mediterranea*, 15 of which were represented in the top 100 X2-enriched gene set ([@bib68]; [@bib77]; [@bib14]; [@bib81]). Translations of the predicted open reading frames (average size 179 amino acids) for these 15 *prog*-related genes were aligned and analyzed by protein domain prediction software SMART ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}) ([@bib70]; [@bib34]). The only motif that could be detected was a signal sequence at the N-terminal end of the predicted proteins, suggesting that these proteins are secreted. These PROG-1/2 homologous genes were then named in a numbered sequence based on their closest homolog (e.g., *prog-1-1, prog-2-1*).

Whole-mount expression analysis of X2-enriched and WT^high^X^low^ transcripts reveals 32 markers of epithelial progenitors {#s2-2}
--------------------------------------------------------------------------------------------------------------------------

To begin our analysis of the top 100 X2-enriched transcripts and the top 20 WT^high^X^low^ transcripts, we performed whole-mount in situ hybridization (WISH) to elucidate gene expression patterns. We observed that 40/120 transcripts were either not detectable or not specific, and the remaining 80/120 genes could be binned into one of four categories ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). One category (13/120) contained genes with the most intense expression in the bi-lobed brain and nervous system, with low levels of expression elsewhere in the body. A second group of genes (18/120) exhibited a predominantly stem cell-like expression pattern, with or without brain expression, which was confirmed by high expression in the X1 cell fraction ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}, [Supplementary file 2](#SD2-data){ref-type="supplementary-material"}). A third subset of genes was expressed in a variety of distinct patterns including the gut, pharynx, peri-pharyngeal region, and neck (17/120) ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}). Finally, the fourth and largest group (32/120) consisted of genes with an expression pattern highly similar to those of the known early and late progeny markers *prog-1*, *prog-2*, and *AGAT-1*, which are sub-epithelial across the entire animal with expression anterior to the photoreceptors ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}) ([@bib21]). This *prog*-like subset exhibited varying degrees of X2-enrichment, and some were highly expressed in the X1 population ([Figure 1A](#fig1){ref-type="fig"}, [Supplementary file 2](#SD2-data){ref-type="supplementary-material"}). Transcripts that displayed a *prog*-like pattern where BLAST did not identify significant similarity were named as *postmitotic progeny* (*pmp*\'s) with ascending numerals (e.g., *pmp-3*, *pmp-4*).10.7554/eLife.07025.006Figure 2.Expression analyses of candidate progeny genes.(**A**) Whole-mount in situ hybridization (WISH) analysis of X2-enriched and WT^high^X^low^ candidate progeny genes in control and lethally irradiated worms. Examples of genes expressed in a stem cell-like pattern, strong in the bi-lobed brain, distinct and unique patterns, or in a *prog*-like sub-epithelial pattern are shown. *prog*-like genes were categorized as early progeny markers when they displayed similar post-irradiation down-regulation kinetics as *prog-1* and *prog-2*, or late progeny markers when they displayed similar loss kinetics as *AGAT-1*. Established lineage markers *prog-1*, *prog-2*, and *AGAT-1* are included as comparisons and highlighted in blue text. Candidate epithelial progenitor genes with WT^high^X^low^ expression are indicated in purple text. Anterior, left; scale bar, 200 μm. (**B**) Combinatorial double fluorescent WISH (dFISH) between lineage markers and identified X2-enriched and WT^high^X^low^ postmitotic progeny markers was performed to assess co-localization with stem cell, early progeny, and late progeny cell populations. Percent co-localization is shown at the top of each panel and is averaged from 3 to 4 animals. *Magenta*, percent co-expression in \[*row gene*\]^+^ cells; *green*, percent co-expression in \[*column gene*\]^+^ cells. Images from the head, trunk, and tail regions were used for all cell counts, with a minimum of 300 cells counted. Dispersions of data are in [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}. Representative confocal projections spanning 4--6 μm of the head region are shown. Eyespots are marked by asterisks. Anterior, left; scale bar, 100 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.006](10.7554/eLife.07025.006)10.7554/eLife.07025.007Figure 2---figure supplement 1.Gene expression analysis of candidate progeny genes.(**A**) WISH was used to determine the gene expression patterns of X2-enriched and WT^high^X^low^ genes in intact control worms. Genes for which a reliable and discrete pattern could be obtained are shown. Genes were named based on the best BLASTx result in mouse (when Expect value \< 1 × e^−5^) or based on transcript identity if no homology is found. Genes were categorized as either predominant in the brain (*Brain*), predominant in a stem cell pattern with or without expression elsewhere (*Stem cell-like*), or possessing unique patterns (*Various*). (**B**) A subset of candidate progeny genes was assessed by whole-mount ISH after irradiation with 60 Gys, up to 7 days after exposure. Scale bars, 200 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.007](10.7554/eLife.07025.007)10.7554/eLife.07025.008Figure 2---figure supplement 2.Gene expression analysis of candidate progeny genes with a *prog*-like expression pattern.Candidate progeny genes, which exhibited a *prog*-like expression pattern, were all assessed by WISH in irradiated worms (60 Gy) at the indicated time points. Genes were categorized as either early progeny or late progeny depending on whether they exhibited similar kinetics of down-regulation to *prog-1/2* or *AGAT-1/2/3*, respectively. Genes, which are WT^high^X^low^, are indicated in purple text. Scale bar, 200 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.008](10.7554/eLife.07025.008)10.7554/eLife.07025.009Figure 2---figure supplement 3.Co-localization of progeny markers with dFISH.Co-expression of X2-enriched and WT^high^X^low^ early and late progeny markers with established lineage markers (*prog-1*, *prog-2*, and *AGAT-1*) or with each other was determined using dFISH. Confocal projections spanning 6--10 μm are shown. Smaller panels on the left show individual channels with expression of one gene; larger panels on the right show merged channels. Numbers indicate the percent of magenta-labeled cells, which co-express the green-labeled transcript. 200--2000 cells were counted for each dFISH combination. Location of eyespots is marked by asterisks; anterior, up.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.009](10.7554/eLife.07025.009)10.7554/eLife.07025.010Figure 2---figure supplement 4.Analysis of new progeny markers in *zfp-1(RNAi)* animals.X2-enriched and WT^high^X^low^ early and late progeny transcripts identified as potential markers of epithelial progenitors were assessed by WISH in *zfp-1(RNAi)* animals. Knockdown of *zfp-1* has previously been shown to selectively ablate zeta-neoblasts and output of epithelial progenitors, and down-regulate *prog-1* and *prog-2*.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.010](10.7554/eLife.07025.010)

Using WISH, we confirmed that transcripts from each of these expression categories were irradiation-sensitive ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplements 1B, 2](#fig2s1 fig2s2){ref-type="fig"}). Genes with a stem cell-like component to the expression pattern exhibited down-regulation after 24 hr, as anticipated for *bona fide* stem cell markers. However, we observed that multiple genes with distinct tissue expression patterns did not change appreciably following irradiation ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}) and were deemed unlikely to be candidates of progenitor cell types. We subsequently focused on the group of genes exhibiting an epithelial progenitor-like pattern, given their prevalence, and sought to determine whether they were co-expressed in previously described *prog-1*^+^ and *AGAT-1*^+^ populations or specified towards other unknown lineages.

The postmitotic progeny markers *prog-1/2* and *AGAT-1/2/3* not only have largely non-overlapping expression patterns, but the kinetics of down-regulation following irradiation substantially differ as well ([Figure 2A](#fig2){ref-type="fig"}) ([@bib21]). *prog-1/2* expression is lost within 48 hr post-irradiation, while *AGAT-1* expression is lost between 48 hr and 7 days, leading to these two cell populations being termed 'early' and 'late' progeny, respectively. Combined with evidence from BrdU-labeling studies, the early and late progeny populations have been proposed to reflect a spatiotemporal progression along one lineage of ASC differentiation destined for the epithelium, such that *prog-1/2* expression represents the transition state between neoblasts (potentially zeta-neoblasts) and *AGAT-1*^*+*^ cells ([@bib21]; [@bib46]; [@bib79]). To demonstrate that our newly identified *prog*-like markers were irradiation-sensitive and to determine their kinetics of down-regulation, animals were lethally irradiated (60 Gy) and analyzed for each marker for 7 days. We observed that 13/32 transcripts showed similar kinetics of down-regulation as the early progeny markers *prog-1* and *prog-2* and were almost completely lost by 48 hr post-irradiation ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). The remaining 19/32 transcripts showed the majority of loss beyond 48 hr post-irradiation, consistent with being late progeny markers ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). Interestingly, all WT^high^X^low^ genes grouped as late progeny, and moreover, were the only genes with detectable expression at 7 days post-irradiation. These highly similar expression patterns and irradiation-sensitivity kinetics were strong indicators that these new progeny markers were also expressed in epithelial progenitors. Through co-localization analyses, we next investigated whether that was the case, or whether these markers represented novel irradiation-sensitive stem cell progeny.

New progeny markers label either early or late progeny of the epithelial lineage {#s2-3}
--------------------------------------------------------------------------------

Prior to determining how the new progeny markers fit into this putative lineage using double fluorescent WISH (dFISH), we first duplicated previous experiments with *piwi-1*, *prog-1*, and *AGAT-1* in order to establish baseline values of overlap. Congruent with previous studies, we found a small amount of overlap between *piwi-1* with *prog-1,* and minimal with *AGAT-1*: 7.2% ± 2.1 of *prog-1*^+^ cells were *piwi-1*^+^, while merely 0.29% ± 0.50 of *AGAT-1*^+^ cells were *piwi-1*^+^ ([Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). In contrast to a previous study that found nearly 45% overlap between the progeny populations ([@bib21]), we found that only 5.4% ± 2.4 of *prog-1*^+^ cells co-expressed low levels of *AGAT-1*, while 5.2% ± 3.2 of *AGAT-1*^+^ cells had *prog-1* expression. dFISH with new progeny markers also showed little overlap between early and late progeny, confirming that these progeny transcripts mark two mainly non-overlapping populations ([Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}), and that previous overlap was likely an dFISH artifact. It has been shown that PIWI-1 protein has a wider expression domain than *piwi-1* mRNA, reflecting the perdurance of PIWI-1 into postmitotic progeny ([@bib25]; [@bib84]). It is unknown how differentiated these *piwi-1*^*−*^PIWI-1^+^ cells are, but they are clearly in a transition from a stem cell gene expression state to various postmitotic fates. In support of these data, we found that 17.8% ± 12.2 of *prog-1*^+^ cells to be PIWI-1^+^, while 1.6% ± 1.2 of *AGAT-1*^+^ cells had detectable PIWI-1 expression ([Figure 2B](#fig2){ref-type="fig"}, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}).

To determine whether our newly identified early and late progeny markers represented distinct population(s) of descendent cells outside of the putative *prog-1*/*prog-2*/*AGAT-1* lineage, pairwise dFISH was performed and quantified. Consistent with the kinetics of loss post-irradiation, dFISH uncovered extensive overlap between the new early progeny markers with *prog-1* and *prog-2* ([Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). Some genes, such as *prog-1-1* and *prog-2-3*, exhibited nearly 100% co-localization with *prog-1* and *prog-2*, respectively, whereas the lowest percentage overlap was observed with *egr-1* and *sox9-1*, with approximately 50--70% of these cells co-expressing *prog-1*. *sox9-1* and *egr-1* were previously identified to be expressed in zeta-class *piwi-1*^*+*^ neoblasts (referred to as *soxP-3* and *egr-1* \[[@bib82]\]), and we confirmed that a sizeable percentage of *sox9-1*^+^ and *egr-1*^+^ cells co-expressed *piwi-1* (49.1% ± 5.2 and 29.4% ± 11.9, respectively, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). Almost all newly identified late progeny transcripts examined were found to exhibit substantial co-expression with *AGAT-1*, with overlap ranging from 100% with *prog-1-7* to 55.5% with *prog-1-4* ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). The exception was the late progeny marker *prog-1-2*, where only 20.4% of *prog-1-2*^+^ cells co-expressed *AGAT-1* ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}). Given that *prog-1-2* is expressed in both subepithelial and epithelial cells, we propose that *prog-1-2*^+^ cells represent a more differentiated state along the epithelial lineage and are possibly the subsequent transition for *AGAT-1*^*+*^ cells. We also performed dFISH between newly identified early and late progeny markers, which similarly showed that genes within each category exhibit highly overlapping expression ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}).

Finally, to validate that expression of these genes marked epithelial progenitors, we examined their expression by WISH in *zfp-1(RNAi)* worms. Knockdown of *zfp-1* has been demonstrated to specifically ablate epithelial progenitors and epithelial differentiation, but not the differentiation of other tissue types ([@bib79]). We observed that every new epithelial progenitor marker assessed was down-regulated after *zfp-1* RNAi, confirming that these genes were indeed expressed in epithelial progenitors ([Figure 2---figure supplement 4](#fig2s4){ref-type="fig"}). Together, these findings demonstrated that our newly identified transcripts represent markers of the early and late progeny produced by zeta neoblasts and comprise the primary two progenitor populations en route to the epithelium ([@bib79]).

RNAi screening identifies *mex3-1* as a candidate regulator of differentiation {#s2-4}
------------------------------------------------------------------------------

The self-renewal of ASCs and the appropriate differentiation of postmitotic progeny are the driving force behind homeostatic cell turnover and regeneration of all tissues in planarians ([@bib40]; [@bib60]; [@bib6]; [@bib79]). RNAi against genes required for differentiation, such as *p53*, *CHD4*, *zfp-1*, and *vasa-1*, results in the decline of postmitotic progeny without depletion of ASCs, and subsequent defects in tissue homeostasis and regeneration ([@bib46]; [@bib72]; [@bib82]). To determine whether progeny-enriched genes were regulators of postmitotic fates, we used RNAi knockdown against our set of 100 X2-enriched and 20 WT^high^X^low^ genes and screened for the above phenotypes. In agreement with previous data, RNAi against *prog-1* and *prog-2* separately or together did not yield any detectable phenotype ([@bib21]). Unexpectedly, none of the new epithelial progenitor markers yielded phenotypes upon knockdown either, suggestive of considerable functional redundancy among these genes. In contrast, knockdown of a gene encoding a homolog to the RNA-binding protein MEX3, *Smed-mex3-1* (*mex3-1*) produced phenotypes highly suggestive of defective stem cell lineage progression. *mex3-1(RNAi)* was completely penetrant and lethal, resulting in ventral curling, head regression, and dorsal lesioning during homeostasis, as well as loss of regenerative ability after amputation ([Figure 3A--C](#fig3){ref-type="fig"}), indicative of epithelial homeostasis defects as well as overall stem cell impairment ([@bib7]; [@bib52]). Using reciprocal BLAST, we identified two other MEX3 homologs in *S. mediterranea* (*mex3-2* and *mex3-3*, transcripts SmedASXL_000637 and SmedASXL_01505, respectively), which both contained two KH RNA-binding domains and had top reciprocal BLAST hits in mouse, fly, and *C. elegans*. These additional MEX3 homologs were neither irradiation-sensitive nor produced observable phenotypes after knockdown and thus not investigated further ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}).10.7554/eLife.07025.011Figure 3.*mex3-1* is required for tissue homeostasis and regeneration.(**A**) Survival curves of *mex3-1(RNAi)* animals to determine the optimal RNAi dosage. One RNAi feed was sufficient to produce completely penetrant lethality by 27 days. (**B**) RNAi worms were observed for homeostatic abnormalities after 1--3 feeds. Time point at which animals were imaged is indicated as *x* days after *z* feeds (*z*fd*x*). (**C**) Regenerative ability after injury was tested according to the experimental timeline shown. Trunk fragments after pre- and post-pharyngeal amputations are shown. (**D**) Expression levels of *mex3-1* in different FACS populations by RNAseq. Error bars show standard deviation. (**E**) WISH analysis of *mex3-1* in intact worms after 60 Gray (Gy) irradiation. Scale bar, 200 μm. (**F**) dFISH was performed to examine *mex3-1* expression in stem cells and postmitotic progeny. Numbers indicate the percentage of stem cells, early progeny, or late progeny co-expressing *mex3-1* (n \> 400 cells per dFISH, ± standard error). Scale bar, 10 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.011](10.7554/eLife.07025.011)10.7554/eLife.07025.012Figure 3---figure supplement 1.Identification and analysis of MEX3 homologs in *S. mediterranea*.(**A**) Phylogenetic analysis of the *mex3* gene family in planarians shows that they are likely the results of planarian-specific duplications. A Bayesian phylogeny was run as outlined in the 'Materials and methods'. Only posterior probabilities 50% and above are shown. *S. mediterranea* sequences are in red. Multiple *mex3* homologs could not be found in individual species of other flatworms. (**B**) Expression levels of *mex3-2* and *mex3-3* in RNAseq of FACS-isolated populations and control intact worms. Expression of *mex3* homologs by WISH after lethal irradiation (60 Gy) is shown below. (**C**) Phenotypes of *mex3-2* and *mex3-3* RNAi animals during homeostasis (upper panel) and during regeneration after amputation (lower panel). Species sequences used in the phylogeny: *Smed = Schmidtea mediterranea; S. mansoni = Schistosoma mansoni; Echinococcus = Echinococcus multilocularis; Aplysia = Aplysia californica; Ci = Ciona intestinalis; Lg = Lottia gigantea; Dm = Drosophila melanogaster; Tc = Tribolium castaneum; Nvit = Nasonia vitripennis; Mm = Mus musculus; Xt = Xenopus tropicalis; Nvect = Nematostella vectensis; Sp = Strongylocentrotus purpuratus.***DOI:** [http://dx.doi.org/10.7554/eLife.07025.012](10.7554/eLife.07025.012)

To begin elucidating the mechanism by which *mex3-1* potentially regulates stem cell lineage progression, we examined where the gene was expressed in the epithelial lineage. By RNAseq, *mex3-1* showed \>fivefold enrichment in the X2 fraction over irradiated worms but also exhibited significant expression in the X1 stem cell fraction ([Figure 3D](#fig3){ref-type="fig"}). WISH of wild-type worms revealed a stem cell-like expression pattern with substantial expression peripheral to the stem cell compartment ([Figure 3E](#fig3){ref-type="fig"}). Following irradiation, progressively more of the pattern was lost over 7 days ([Figure 3E](#fig3){ref-type="fig"}), consistent with expression in both stem cell and immediate postmitotic progeny populations, and also consistent with previous irradiation data for *mex3-1* ([@bib77]). Analysis of *mex3-1* using dFISH with lineage markers confirmed that *mex3-1* was widely expressed in stem cells, early progeny, and late progeny ([Figure 3F](#fig3){ref-type="fig"}). Therefore, the homeostasis and regeneration defects described above could result from defects in any one or all of these cell populations, which was subsequently tested.

*mex3-1* is required for epithelial progenitor specification {#s2-5}
------------------------------------------------------------

To ascertain which step(s) in stem cell lineage progression were aberrant after *mex3-1* knockdown, we performed WISH analysis to follow stem cell and postmitotic *prog-1/2*^+^ and *AGAT-1*^+^ progeny population dynamics after RNAi was initiated. Knockdown of *mex3-1* leads to a rapid decline of the two progeny populations but not of stem cells ([Figure 4A](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}), with the majority of progeny gene expression lost by 6 days after RNAi ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}). We assessed the expression of additional newly identified epithelial progenitor markers as well and observed that all were similarly abolished, supporting the loss of these two progeny types ([Figure 4B](#fig4){ref-type="fig"}).10.7554/eLife.07025.013Figure 4.RNAi against *mex3-1* selectively affects progeny markers and causes hyper-proliferation.(**A**) Lineage markers labeling stem cells (*piwi-1*), early (*prog-1, prog-2*), and late (*AGAT-1*) progeny were assessed by WISH after RNAi. The day 12 time point reflects the maximal perturbation to progeny markers prior to obvious health decline in the animal. (**B**) Representative newly identified early and late progeny transcripts were assessed by WISH after RNAi. (**C**) Whole-animal quantification of TUNEL was performed to measure cell death in RNAi animals. Representative stains and time points are shown to the right. (**D**) Whole-animal quantification of H3P immunolabeling was performed to assess cell proliferation after RNAi. Representative stains and time points are shown to the right. Unless otherwise noted, all experimental time points are indicated as after a single RNAi feeding. Scale bars, 200 μm. Error bars are standard deviations. \*\*p \< 0.01, \*\*\*p \< 0.001 (Student\'s *t*-test).**DOI:** [http://dx.doi.org/10.7554/eLife.07025.013](10.7554/eLife.07025.013)10.7554/eLife.07025.014Figure 4---figure supplement 1.*mex3-1* RNAi depletes progeny without impairing stem cell proliferation.(**A**) Lineage markers labeling stem cells (*piwi-1*), early (*prog-1, prog-2*), and late (*AGAT-*1) progeny were assessed by WISH after RNAi. Shown are a late time point after one RNAi feeding and a late time point with multiple RNAi feeds, when health decline is evident. (**B**) Detailed time course analysis of early (*prog-2*) and late (*AGAT-1, pmp-11*) progeny marker down-regulation after *mex3-1* RNAi. Scale bars, 200 μm. (**C**) FACS analysis with Hoechst staining of *mex3-1(RNAi)* animals 9 days after RNAi. FACS plots from one run are shown on the left; right table indicates proportion of X1 and X2 populations of all runs.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.014](10.7554/eLife.07025.014)

The down-regulation of progeny gene expression without corresponding decreases in the stem cell population suggested a selective defect in specifying committed progeny. However, these results could similarly arise from defective maintenance and survival of progeny, thus, we examined levels of apoptosis with TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) during phenotypic progression. Quantification of TUNEL showed that *mex3-1(RNAi)* animals had comparable levels of cell death to control worms up until 9 days after RNAi, but significantly higher levels from 12 days and onward ([Figure 4C](#fig4){ref-type="fig"}). Given that progeny gene expression was mostly ablated by 6 days after RNAi, we concluded that the loss of progeny populations was not attributed to progeny cell death. The cause of the late rise in cell death remains unclear but is coincident with when morphological homeostatic phenotypes begin to manifest and may be a secondary effect of declining animal health. We next investigated whether impaired stem cell proliferation was the underlying cause of reduced progeny production and performed time-course analysis of phosphorylated histone H3 immunolabeling (H3P). We observed significantly increased levels of proliferation in *mex3-1(RNAi)* worms at every time point examined ([Figure 4D](#fig4){ref-type="fig"}), which suggested that stem cell division was not impeded by *mex3-1* knockdown.

To exclude the possibility that the heightened H3P^+^ levels in *mex3-1(RNAi)* worms reflected an accumulation of cells arrested in G2/M phase and an inability to complete the cell cycle, we performed labeling with the thymidine analog F-*ara*-EdU to measure S-phase progression. Worms pulsed at either 6 or 9 days after RNAi and fixed 24 hr later showed significantly increased numbers of total EdU-labeled cells in *mex3-1(RNAi)* animals compared to controls ([Figure 5A](#fig5){ref-type="fig"}), demonstrating that during phenotypic progression, a greater number of cells were entering the cell cycle. FACS profiles of *mex3-1(RNAi)* animals at day 9 revealed relatively normal proportions of cells in both the X1 and X2 gates ([Figure 4---figure supplement 1C](#fig4s1){ref-type="fig"}), further evidence that stem cells were progressing through the cell cycle and not arrested at 4C DNA in the X1 gate. Worms exposed to sublethal doses of irradiation initially lose the vast majority of their stem cells and immediate postmitotic descendants; over time, the stem cell and progeny populations gradually recover, offering an easily quantifiable approach to assess both self-renewal and differentiation ([@bib82]). Sublethally irradiated *mex3-1(RNAi)* worms expanded *piwi-1*^+^ stem cell numbers over time but produced disproportionately fewer *prog-1*^+^ progeny than control worms ([Figure 5B](#fig5){ref-type="fig"}). These data demonstrated that the loss of early and late progeny marker expression after *mex3-1* knockdown could not be attributed to cell cycle arrest or increased cell death, but rather result from a failure in cell fate specification.10.7554/eLife.07025.015Figure 5.*mex3-1(RNAi)* animals exhibit expansion of the stem cell compartment.(**A**) RNAi worms were administered EdU at 6 or 9 days after RNAi and quantified after a 24-hr period. Counts were performed on whole-animal single confocal planes. (**B**) *mex3-1(RNAi)* animals were irradiated with a sublethal dose (16.5 Gy), and stem cells (*piwi-1*) and progeny (*prog-1*) were quantified by dFISH at 7 and 9 days after irradiation. The proportion of progeny to stem cells between *mex3-1(RNAi)* and control worms differed significantly (p \< 0.001, analysis of covariance). Whole-animal confocal projections are shown. Each point on the graph represents one animal. (**C**) Stem cells were quantified in pre-pharyngeal cross sections of intact worms after RNAi by *piwi-1* fluorescent WISH (FISH) during phenotypic progression. Single confocal planes at day 9 after RNAi are shown; dorsal, top. (**D**) Quantification of stem cell subclasses in intact worms 12 days after RNAi. Stem cell subclass was determined by *piwi-1* labeling and expression of *soxP-1* pooled with *soxP-2* (sigma subclass), *hnf4* (gamma), or *zfp-1* (zeta). Diagrams indicate areas of worms quantified, and arrows indicate example double-positive cells. Scale bars, 200 μm in (**A**--**C**) and 50 μm in (**D**). Error bars represent standard deviation. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 (Student\'s *t*-test).**DOI:** [http://dx.doi.org/10.7554/eLife.07025.015](10.7554/eLife.07025.015)10.7554/eLife.07025.016Figure 5---figure supplement 1.Quantification of stem cells in *mex3-1(RNAi)* animals.Stem cells were quantified in mid-pharyngeal and tail cross sections of intact worms at 6 and 9 days after RNAi by *piwi-1* FISH. Single confocal planes are shown; dorsal, top. Scale bar, 200 μm. \*p \< 0.05; \*\*p \< 0.01 (Student\'s *t-*test). 10 animals were counted per RNAi treatment.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.016](10.7554/eLife.07025.016)

Knockdown of *mex3-1* results in expansion of the stem cell compartment {#s2-6}
-----------------------------------------------------------------------

Given that early and late progeny cell fates failed to be specified and adopted in *mex3-1(RNAi)* animals despite ongoing stem cell divisions, we hypothesized that there was a loss in stem cell lineage asymmetry in favor of stem cell self-renewal. We sought to determine whether this was the case by quantifying *piwi-1*^+^ stem cells in transverse cross sections after RNAi. By 6 days after RNAi, we observed highly significant increases in the number of *piwi-1*^+^ stem cells in *mex3-1(RNAi)* animals compared to controls, which rose to a 50% increase by day 12 ([Figure 5C](#fig5){ref-type="fig"}, [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). The expansion of *piwi-1*^+^ stem cells after *mex3-1* knockdown could either reflect a global increase in all stem cell subclasses or reflect an increase in a specific subclass (zeta-, sigma-, and gamma-neoblasts) ([@bib79]). To ascertain whether subclasses were selectively affected, we quantified the number of *piwi-1*^+^ stem cells belonging to each subclass using the following probes: *zfp-1* for the zeta subclass, *hnf4* for the gamma subclass, and a pooled mix of *soxP-1* and *soxP-2* for the sigma subclass. Assessment at 12 days after RNAi revealed that all three subclasses were significantly increased by approximately 50% in *mex3-1(RNAi)* animals compared to controls ([Figure 5D](#fig5){ref-type="fig"}). Together, these results demonstrated that the failure to specify epithelial progenitors in *mex3-1(RNAi)* animals was not due to loss of zeta-neoblasts, and suggested that the expansion of the stem cell pools was due to an imbalance in cell fates favoring stem cell self-renewal over differentiation.

*mex3-1* is required for turnover of multiple tissues {#s2-7}
-----------------------------------------------------

The ventral curling defect during homeostasis and ablation of all early and late progeny markers in *mex3-1(RNAi)* worms suggested that epithelial turnover may be severely compromised. We performed EdU labeling in intact *mex3-1(RNAi)* animals to measure the entry of new cells into the epithelium under normal homeostatic conditions. 7 days following EdU administration, numerous EdU^+^ cells were present in the epithelium of *control(RNAi)* worms, but virtually none had been incorporated into the epithelium in *mex3-1(RNAi)* animals ([Figure 6A](#fig6){ref-type="fig"}). Additionally, following amputation, *mex3-1(RNAi)* worms failed to re-establish the expression of epithelial genes at wounding sites, demonstrating that during both homeostasis and regeneration, *mex3-1* is required for specification and differentiation of epithelial cell types ([@bib79]) ([Figure 6B](#fig6){ref-type="fig"}).10.7554/eLife.07025.017Figure 6.*mex3-1* is required for epithelial turnover and regeneration as well as differentiation toward multiple tissues.(**A**) RNAi animals were administered EdU 6 days after RNAi, and EdU^+^ labeling in the epithelium was quantified after a 7-day period. Single confocal planes are shown, with EdU^+^ cells in the epithelium indicated by arrows. Top panel scale bar, 100 μm; bottom panel scale bar, 50 μm. (**B**) RNAi animals amputated 7 days after RNAi were analyzed after 7 days regeneration by dFISH for stem cells and epithelial-associated genes. Single confocal planes or projections of head blastemas are shown, with anterior to the left. Dotted lines indicate animal boundary. Scale bar, 100 μm. (**C**) Diagram indicating regions of animal imaged and examined for quantification of lineage-restricted neoblast progeny. (**D**) Lineage-restricted progeny populations were quantified in intact worms 12 days after RNAi, using PIWI-1 immunolabeling and FISH for *ovo* (eyes), *chat* or *coe* (brain), *FoxA* (pharynx), and *six1/2-2* (protonephridia). Single confocal planes are shown. Arrows indicate example double-positive cells. Magnified areas are indicated by dashed boxes and inset to the right of each image. Scale bar, 50 μm. (**E**) RNAi animals were administered BrdU 6 days after RNAi, and BrdU^+^ labeling in differentiated tissues (*chat*, brain; *mat*, gut; *laminin*, pharynx) was examined after a 5-day period. Single confocal planes are shown. Arrowheads indicate example double-positive cells. Scale bar, 50 μm. Error bars represent standard deviation. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 (Student\'s *t*-test). (**F**) Quantification of stem cells (*piwi-1*^+^PIWI-1^+^) and immediate postmitotic stem cell descendants (*piwi-1*^−^PIWI-1^+^) were performed 6 days after RNAi, in head, pre-pharyngeal, and tail regions. Shown are single confocal planes from the tail region. Magnified areas are indicated by dashed boxes. The proportion of postmitotic descendants to stem cells between *mex3-1(RNAi)* and control worms differed significantly (p \< 0.001, non-linear regression analysis). Scale bar, 50 μm on left panels, 10 μm on right panels. All counts were performed in 5--10 animals.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.017](10.7554/eLife.07025.017)10.7554/eLife.07025.018Figure 6---figure supplement 1.*mex3-1* RNAi impairs brain differentiation.(**A**) Expression of *mex3-1* in neural-restricted neoblast progeny by *mex3-1* and *chat* dFISH with PIWI-1 immunolabeling. Percentage of *chat*^+^PIWI-1^+^ cells which express *mex3-1* is indicated at top-right of panel. Arrows indicate example triple-labeled cells. Dashed box indicates area of magnified panels. Left scale bar, 50 μm; right scale bar, 10 μm. (**B**) Animals were administered BrdU at 6 days after RNAi and assessed at 5 days post-BrdU. Scale bar, 100 μm. All images shown are single confocal planes.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.018](10.7554/eLife.07025.018)10.7554/eLife.07025.019Figure 6---figure supplement 2.Differentiation in *p53(RNAi)* animals.(**A**) Stem cell (*piwi-1*) and epithelial progenitor (*prog-1*) populations were examined by WISH in RNAi animals. Scale bar, 200 μm. (**B**) Eye and neural lineage-restricted neoblast progeny were quantified in RNAi animals by FISH (*ovo*, eye; *chat*, brain) with PIWI-1 immunolabeling. Arrows indicate example double-positive cells. Scale bars, 50 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.019](10.7554/eLife.07025.019)

Previously, it was shown that even by selectively abolishing zeta-neoblasts and epithelial turnover, a regenerative blastema can still form with differentiated tissues such as brain, protonephridia, intestine, and muscle ([@bib79]). Given that *mex3-1(RNAi)* animals were unable to produce any regenerative blastema, we hypothesized that *mex3-1* may have a crucial role in the broad specification of multiple lineages. To examine this possibility, we assessed *mex3-1(RNAi)* worms for changes in the number of lineage-specified neoblast progeny of other tissue types in various body regions ([Figure 6C](#fig6){ref-type="fig"}). As PIWI-1 protein persists in immediate postmitotic stem cell descendants for up to 72 hr ([@bib25]), co-localization of PIWI-1 with tissue-specific markers was used to identify lineage-restricted neoblast descendants, encompassing undifferentiated progenitors and newly differentiating cells. The neural genes, *chat* and *coe*, eye-specific transcription factor *ovo*, pharyngeal marker *FoxA*, and protonephridial marker *six1/2-2* were used as markers to indicate differentiation toward their respective tissues ([@bib73]; [@bib83]; [@bib32]; [@bib13]; [@bib3]). Quantification of lineage-restricted neoblast progeny in intact *mex3-1(RNAi)* worms 12 days after RNAi showed significant reductions in all examined cell types ([Figure 6D](#fig6){ref-type="fig"}). We observed that virtually all *chat*^+^PIWI-1^+^ cells expressed *mex3-1* ([Figure 6---figure supplement 1A](#fig6s1){ref-type="fig"}), suggesting a direct role for *mex3-1* in regulating differentiation outside the epithelial lineage. Concordant with decreased production of lineage-restricted neoblast progeny, we also observed that 5 days following labeling with BrdU, the entry of new cells into brain, intestine, and pharynx was significantly decreased in *mex3-1(RNAi)* animals ([Figure 6E](#fig6){ref-type="fig"}, [Figure 6---figure supplement 1B](#fig6s1){ref-type="fig"}). These data demonstrate that the diminished capacity of *mex3-1(RNAi)* animals to produce differentiated progeny is not restricted to the epidermal lineage but is characteristic of multiple lineages in planarians.

We examined whether impaired differentiation toward multiple tissues could be observed in *p53(RNAi)* animals as well, as *p53* knockdown has previously been shown to deplete *prog-1*^+^ progeny and increase stem cell proliferation ([@bib46]). We found that knockdown of *p53* did not alter the numbers of PIWI-1^+^*ovo*^+^ eye- or PIWI-1^+^*chat*^+^ brain-specified neoblast progeny ([Figure 6---figure supplement 2](#fig6s2){ref-type="fig"}), demonstrating a broader role for *mex3-1* in differentiation. To determine whether *mex3-1* knockdown resulted in a global impediment in generating postmitotic cells, we quantified the proportion of *piwi-1*^−^PIWI-1^+^ cells, which are thought to represent immediate stem cell progeny that have permanently exited the cell cycle. We found that *mex3-1* RNAi resulted in a significant increase in the number of *piwi-1*^+^PIWI-1^+^ cells and simultaneous decrease in *piwi-1*^−^PIWI-1^+^ cells compared to controls ([Figure 6F](#fig6){ref-type="fig"}), supporting a general reduction in the ability of stem cells to progress to a postmitotic state. From these data demonstrating abrogated production of lineage-restricted stem cell progeny, impaired contribution to the turnover of multiple tissue types, and concomitant increases in all known stem cell subclasses, we propose that *mex3-1* is a critical regulator for all differentiating progeny, mediating the adoption of a non-stem cell fate.

RNAseq of *mex3-1(RNAi)* animals identifies novel progenitor transcripts {#s2-8}
------------------------------------------------------------------------

RNAseq of *mex3-1(RNAi)* whole animals 12 days after RNAi was performed to provide a broad and comprehensive overview of gene expression changes. Given that *mex3-1* RNAi specifically eliminates postmitotic progeny fates, we reasoned that this approach may offer a more selective method than X2-FACS enrichment in order to identify additional progenitor-specific transcripts both within and outside the epithelial lineage. In agreement with our data demonstrating hyper-proliferation and expansion of the entire stem cell compartment after *mex3-1* knockdown, 13/59 known stem cell-specific transcripts were significantly upregulated upon knockdown of *mex3-1* (p \< 0.01, [Figure 7---figure supplement 1A](#fig7s1){ref-type="fig"}, [Supplementary file 4](#SD4-data){ref-type="supplementary-material"}). These included cell cycle genes, two of which were further confirmed by WISH (*PCNA* and *H2B*; [Figure 7---figure supplement 1B](#fig7s1){ref-type="fig"}). Importantly, we also observed an approximately 1.5-fold increase in *soxP-1*, *zfp-1*, and *piwi-1* transcripts in *mex3-1(RNAi)* animals ([Figure 7---figure supplement 1A](#fig7s1){ref-type="fig"}; [Supplementary file 4](#SD4-data){ref-type="supplementary-material"}), concordant with the increase in stem cell subclasses quantified by cell counting ([Figure 5C,D](#fig5){ref-type="fig"}).

As anticipated from the effects of *mex3-1(RNAi)* on the loss of all epithelial progenitor markers by WISH analyses, all but two of our new early and late progeny markers were severely down-regulated in the RNAseq data set for *mex3-1(RNAi)* animals compared to controls ([Figure 7A](#fig7){ref-type="fig"}; [Supplementary file 4](#SD4-data){ref-type="supplementary-material"}). The two transcripts that did not appreciably change (*sox9-1* and *RPC-2*) have very high X1 expression in addition to labeling epithelial progenitors, which was not expected to change in *mex3-1* RNAi. Together, the RNAseq data corroborate the in vivo cell type analyses, where *mex3-1* was required to restrict the stem cell compartment and promote differentiation of progenitor fates. We next tested whether transcripts down-regulated following *mex3-1* RNAi mark novel neoblast progeny.10.7554/eLife.07025.020Figure 7.Transcriptional analysis after *mex3-1* RNAi identifies novel progenitor transcripts.(**A**) RNAseq was performed on *mex3-1(RNAi)* animals 12 days after RNAi. Each gray dot represents one transcript. Established and newly identified progeny markers are indicated. Top *mex3-1* down-regulated transcripts cloned out for validation by WISH are indicated as well. (**B**) The blue-circled transcripts from (**A**) all require *mex3-1* for expression. Scale bar, 200 μm. (**C**) Assessment of the *mex3-1(RNAi)*-down-regulated transcript *Smed_ASXL059179* as a marker for a novel pharynx progenitor cell type using FISH and PIWI-1 immunolabeling. Confocal projections in control and *mex3-1* RNAi animals are shown. Error bars represent standard deviation. Scale bar, 50 μm. \*\*p \< 0.01 (Student\'s *t-*test). (**D**) Model of lineage specification in planarian stem cells. *mex3-1* is a key determinant in balancing stem cell self-renewal and differentiation, acting as a promoter of postmitotic cell fates and commitment toward multiple lineages.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.020](10.7554/eLife.07025.020)10.7554/eLife.07025.021Figure 7---figure supplement 1.RNAseq analysis of *mex3-1(RNAi)* animals.(**A**) RNAseq was performed on *mex3-1(RNAi)* animals 12 days after RNAi, and X1 enrichment is compared to fold change after *mex3-1* knockdown. Each gray dot represents one transcript. Established stem cell genes (from [Figure 1B](#fig1){ref-type="fig"}), which were found to be significantly upregulated in *mex3-1(RNAi)*, are highlighted in blue (p \< 0.01). The fold changes of a subset of known stem cell genes (involved in proliferation, pan-stem cell gene, or subclass identity) are shown on the right. (**B**) Upregulation of the cell cycle genes *PCNA* and *H2B* in RNAseq analysis was confirmed by WISH of *mex3-1(RNAi)* worms 6 days after RNAi. (**C**) From the top down-regulated genes after *mex3-1* knockdown, 21 uncharacterized genes were chosen for cloning and expression analysis by WISH (11/21 genes are shown). *mex3-1(RNAi)* animals were stained 12 days after RNAi to confirm that target genes were down-regulated. Genes were named based on the best BLASTx result to mouse when the Expect value \<1 × e^−5^, or based on transcript number if no homology was found. Scale bars, 200 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.021](10.7554/eLife.07025.021)10.7554/eLife.07025.022Figure 7---figure supplement 2.Characterization of down-regulated genes in *mex3-1(RNAi)* animals.(**A**) Expression of three genes down-regulated after *mex3-1* RNAi was assessed in lethally irradiated worms by WISH. Scale bar, 200 μm. (**B**) Expression of two *mex3-1(RNAi)*-down-regulated genes in late progeny was examined by dFISH with *AGAT-1*. Percentages of cells that express *AGAT-1* are indicated in the top-right of each panel. Images shown are confocal projections spanning 4 μm in depth. Scale bar, 100 μm. (**C**) Functional analysis by RNAi knockdown of the new pharyngeal progenitor marker *SmedASXL_059179*. Expression of *SmedASXL_059179* after knockdown was examined by WISH. Scale bar, 200 μm. (**D**) Diagram outlining schedule of RNAi feeds and amputation for assessment of pharynx regeneration. Shown is WISH of the pharynx marker *laminin* in regenerating tail fragments. Scale bar, 200 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.07025.022](10.7554/eLife.07025.022)

We chose 21 down-regulated and uncharacterized transcripts for validation by WISH. By RNAseq, all were irradiation-sensitive but not X2-enriched ([Figure 7A](#fig7){ref-type="fig"}, [Supplementary file 4](#SD4-data){ref-type="supplementary-material"}) and thus could be classified as WT^high^X^low^. We found that 20/21 transcripts produced a *prog*-like pattern in control worms and exhibited severely reduced expression in *mex3-1(RNAi)* worms, as anticipated from RNAseq ([Figure 7B](#fig7){ref-type="fig"}, [Figure 7---figure supplement 1C](#fig7s1){ref-type="fig"}). The remaining transcript, *SmedASXL_059179*, was highly expressed near the proximal end of the pharynx, throughout the pharynx proper, and was similarly dependent on *mex3-1* for its expression ([Figure 7B](#fig7){ref-type="fig"}). Three transcripts were confirmed to be irradiation-sensitive by WISH ([Figure 7---figure supplement 2A](#fig7s2){ref-type="fig"}), and two of these were verified to be additional late progeny markers based on their high degree of co-localization with *AGAT-1* expression ([Figure 7---figure supplement 2B](#fig7s2){ref-type="fig"}). We predicted that *SmedASXL_059179*^+^ cells may represent a pharyngeal progenitor cell type, and indeed, we observed PIWI-1^+^*SmedASXL_059179*^+^ cells near the proximal base of the pharynx ([Figure 7C](#fig7){ref-type="fig"}). However, no regulatory roles were uncovered for this gene, as RNAi against *SmedASXL_059179* did not result in apparent perturbations to pharynx function during homeostasis or regeneration ([Figure 7---figure supplement 2C,D](#fig7s2){ref-type="fig"}). Overall, these results further support a role for *mex3-1* as a critical regulator of differentiation toward multiple lineages and also demonstrate the utility of transcriptional analysis of *mex3-1(RNAi)* in identifying additional markers of tissue-specific progenitor populations, as an alternative to the criteria of irradiation-sensitivity and FACS localization.

Discussion {#s3}
==========

The X2 population has high heterogeneity and a strong epithelial progenitor gene signature {#s3-1}
------------------------------------------------------------------------------------------

At the outset of this study, most efforts had been put forth to understand stem cell (X1) transcriptomes, heterogeneity, and genetic regulators. Relatively little was known about the X2 FACS cell fraction, with the exception that it expresses a disproportionate number of transcription factors and shares most of its gene signature with the X1 fraction, and the few known stem cell progeny markers are most highly expressed in this fraction ([@bib31]). We reasoned here that investigating more genes specific to the X2 fraction could yield many markers and regulators for other tissue-specific progeny types. We found that transcripts enriched in the progeny-associated X2 FACS gate were expressed in a variety of cell types and not necessarily in stem cell progeny. Although transcripts with unique tissue-specific and non-stem cell expression patterns were uncovered and appeared to be potential candidates for novel progenitor types, it is now clear that the epithelial lineage has the strongest bias in terms of sequencing numbers. In total, we describe 32 new markers for early and late epithelial progenitors. Combined with the revelation that zeta-neoblasts are the largest known lineage-restricted stem cell subclass in planarians, we conclude that epithelial progenitors are the predominant output of stem cells, most likely reflecting highest turnover needs as well as molecular complexity of this organ.

*mex3-1* as a candidate mediator of asymmetric cell fate in planarians {#s3-2}
----------------------------------------------------------------------

Through RNAi screening of the 120 candidate progeny transcripts, we identified *mex3-1* as a critical factor in cell fate decision-making. *mex3-1* was required not only for all epithelial progenitor fates but also all other tested lineage-restricted stem cell progeny, and to restrict the expansion of the stem cell compartment. MEX3 is an RNA-binding translational repressor discovered in *C. elegans* with embryonic and post-embryonic developmental roles ([@bib20]). MEX3 is a fundamental regulator of asymmetry, mediating one of the earliest steps of cell fate determination in *C. elegans* by restricting expression of the cell fate determinant *pal-1* transcription factor to the posterior blastomere of the early embryo ([@bib20]; [@bib28]). In adult *C. elegans*, MEX3 participates in the maintenance of germline stem cells (GSCs) by promoting proliferation, and interestingly, is not required for GSCs to differentiate and undergo meiosis ([@bib5]). Four *mex3* homologs (*MexA-D*) are present in vertebrates, which remain poorly characterized ([@bib11]). Recent work on MEX3A in murine intestinal cell culture showed that the master intestinal differentiation factor *Cdx2*, one of the vertebrate homologs of *pal-1*, is a target of MEX3A translational inhibition, and furthermore, MEX3A overexpression increased levels of intestinal stem cell markers such as *Bmi1* and *Lgr5* ([@bib49]). Though the role of MEX3A in intestinal stem cell fate in vivo remains to be fully explored, these findings combined with our results in planarians suggest a conserved ancestral function for *mex3* genes in cell fate choice.

The precise mechanisms by which *mex3-1* exerts its effects in planarians are unresolved. Although both *zfp-1* and *mex3-1* are required for specification of epithelial-fated progeny, unlike *zfp-1(RNAi)* worms, *mex3-1(RNAi)* worms completely lose the ability to form any regenerative blastema. *mex3-1* was further needed to prevent the expansion of the stem cell compartment, including sigma-, gamma-, and zeta-class neoblasts, which suggests that *mex3-1* acts to mediate stem cell lineage asymmetry in the general stem cell pool and regulate all postmitotic lineages. As both *C. elegans* and vertebrate MEX3 proteins have been shown to be translational repressors, it is likely that this molecular function has been conserved in planarians. Thus, we propose a model of stem cell lineage progression with *mex3-1* acting as a repressor of stem cell identity and self-renewal genes in postmitotic progenitors to promote differentiation ([Figure 7D](#fig7){ref-type="fig"}).

During early *C. elegans* embryogenesis, the asymmetric distribution of both *mex3* mRNA and protein underlies the asymmetric expression of *pal-1* ([@bib20]). While *Smed-mex3-1* mRNA shows no such asymmetry at the current resolution of our tools in planarians, it is possible that asymmetric distribution or activation of MEX3-1 leads to the execution of its function in progeny only. An example of such a mechanism is Prospero in *Drosophila* neuroblasts, where it is transcribed and translated in stem cells and daughter cells, but is segregated to and functions in progeny in a classic example of intrinsic asymmetric cell division ([@bib19]). Alternatively, MEX3-1 may have multiple cell type-specific roles and cell type-specific mRNA targets. No planarian homolog to the conserved MEX3 target *Cdx2*/*pal-1* could be found in existing transcriptomes or genomic sequence ([@bib67]; [@bib58]; [@bib2]; [@bib68]; [@bib31]; [@bib42]; [@bib55]; [@bib77]; [@bib23]). Therefore, elucidating the RNA targets of MEX3-1 will provide an opportunity to uncover novel RNA targets in other organisms and ASC systems.

Finding progenitors of other cell types {#s3-3}
---------------------------------------

Now that we have identified additional epithelial progenitor markers and progeny regulators, the question then becomes, what it is the best method to discover non-epithelial progenitors of other tissue types in planarians? With the evidence described in this study implicating *mex3-1* as a regulator of multiple neoblast progeny for other tissues, transcriptional analysis of *mex3-1(RNAi)* animals may be a promising avenue to discover rare and novel progeny markers. For instance, comparing the wild-type X2 fraction with X2 cells isolated from *mex3-1(RNAi)* worms could provide insight into other cell types lost in this FACS gate due to specific cessation of differentiation, without confounding effects of irradiation or general ablation of the stem cell pool.

In addition to the assumption that differentiating progeny cells exist in the X2 fraction, it is clear that there are irradiation-sensitive transcripts and cells outside of the X1 and X2 FACS gates. At this juncture, isolating these populations from irradiation-insensitive cells is not achievable as there are no clear boundaries on where these cells would lie in FACS plots. Numerous transcripts, down-regulated after *mex3-1* RNAi, were observed to belong to this WT^high^X^low^ category with little expression in the X1 or X2 fractions. The identification of one of these transcripts as a pharyngeal marker with expression in PIWI-1^+^ cells demonstrates that lineage-restricted progeny are present outside the X1 and X2 gates and merits the investment of future efforts toward screening further WT^high^X^low^ genes that are regulated by *mex3-1* in order to uncover novel progenitors. This knowledge is necessary in order to achieve a comprehensive understanding of the asymmetries specific to ASC lineage organization. Due to the conserved role of MEX3 in regulating cell fate determination across multiple phyla, understanding how *mex3-1* achieves lineage asymmetry in planarians will contribute to informing ASC biology and regeneration in other organisms.

Materials and methods {#s4}
=====================

Deep sequencing {#s4-1}
---------------

We previously performed RNAseq of the planarian X1, X2, and irradiation-insensitive compartments where the X2 cell fraction was sequenced to a depth of 206 million reads in two biological replicates ([@bib31]). Here, we performed an additional replicate by using flow cytometry to obtain cell populations as previously described ([@bib27]; [@bib46]). Approximately, 1 million X2 cells from 100 animals were isolated on a Becton--Dickinson FACSaria over multiple sorts. Total RNA was purified and poly-A-selected cDNA libraries were prepped using the TruSeq kits from Illumina. This new X2 sample was multiplexed together with a new X1 and Irradiated control and each was sequenced to a depth of \>63 million single-end 50 base pair reads on an Illumina HiSeq2500 with v4 chemistry. Raw sequence data were uploaded to NCBI GEO under accession number GSE68581. Each sample was aligned to the transcriptome under NCBI BioProject PRJNA215411 using Bowtie2 with no sequence trimming. Mapped reads per million reads (CPM) of each transcript was calculated. Note that kilobase-length of each transcript was not taken into account because in any expression ratio, the length scaling factor cancels out and no inter-transcript comparisons were performed. To ensure a well-defined statistic in the calculation of fold-change, pseudocounts of +1 were added to every numerator and denominator as a way to not bias differentially expressed genes toward lowly expressed transcripts ([@bib29]). The transcripts listed in [Supplementary files 1--4](#SD1-data SD2-data SD3-data SD4-data){ref-type="supplementary-material"} can be found in the same transcriptome database. The heatmap in [Figure 1C](#fig1){ref-type="fig"} was created using the Partek Genomics Suite of software ([www.partek.com](http://www.partek.com)) with the unsupervised hierarchical clustering algorithm: Pearson\'s Absolute Value Dissimilarity. Intact unirradiated control (WT) transcript levels were averaged from 12 replicates of unfed and *control(RNAi)* experiments and time points using over 700 million sequencing reads ([@bib31]; [@bib77]; [@bib14]; [@bib86]; [@bib35]).

Analysis of deep sequencing data {#s4-2}
--------------------------------

In order to validate the consistency of our previous and new deep sequencing replicates, Pearson correlations were performed with our own data as well as all previously published RNAseq relevant to the current study using CPM for each transcript with CPM \<1000 ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) ([@bib31]; [@bib42]; [@bib55]; [@bib77]). The program DESeq was used to determine significantly enriched transcripts in the X2 (FDR \< 0.01) or X1 (FDR \< 0.001) cell fractions vs irradiated whole animals using the three biological replicates for each tissue type. MA plots, Pearson correlations, and log fold change plots were made using *R*.

Phylogenetics and cloning {#s4-3}
-------------------------

Transcripts identified by differential expression were cloned using forward and reverse primers into a double-stranded RNA expression vector as previously described ([@bib57]). Riboprobes were made from PCR templates from the same vector (pT4P) ([@bib44]). The three MEX3 homologs in *S. mediterranea* were identified with tBLASTn searches of the planarian genome/transcriptomes using MEX3 protein sequences from *C. elegans* and mouse. Candidate planarian MEX3 homologs were validated by reciprocal BLASTx against the nr database (NCBI). The predicted proteins of the planarian MEX3 homologs were aligned using the program T-coffee along with MEX3 homologs from other species ([@bib41]). The program Geneious ([www.geneious.com](http://www.geneious.com)) was used to run a Bayesian phylogeny using the MrBayes plugin with the following settings: a WAG substitution model, 25% burnin, subsample frequency of 1000, 1 million replicates, and four heated chains ([@bib59]). The transcripts for *mex3-1* and all new progeny markers from this manuscript are listed in [Supplementary file 2](#SD2-data){ref-type="supplementary-material"}.

Animal husbandry and RNAi {#s4-4}
-------------------------

Asexual *S. mediterranea* CIW4 strain was reared as previously described ([@bib66]). RNAi experiments were performed using previously described expression constructs and HT115 bacteria ([@bib39]). Briefly, bacteria were grown to an O.D. 600 of 0.8 and induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 2 hr. Bacteria were pelleted and mixed with liver paste at a ratio of 500 μl of liver per 100 ml of original culture volume. Bacterial pellets were thoroughly mixed into the liver paste and frozen as aliquots. The negative control RNAi was the *unc22* sequence from *C. elegans* as previously described ([@bib52]). For the screening of all genes in this study, RNAi food was fed to 7-day starved experimental worms every third day for five feedings. Subsequent functional analyses for *mex3-1* were performed with one feed unless noted otherwise. Time points in figures denote the number of feeds for each gene as well as the number of days after the last feed. For example, 1fd12 corresponds to one RNAi feeding and 12 days after that feeding. Amputations were performed 6 days after the final feeding unless noted otherwise. All animals used for immunostaining were 3--4 mm in length and size-matched between experimental and control worms.

Immunolabeling, TUNEL, EdU, BrdU, irradiation, and WISH {#s4-5}
-------------------------------------------------------

WISH, dFISH, and immunostaining were performed as previously described ([@bib44]; [@bib33]; [@bib13]; [@bib14]). Colorimetric WISH and fluorescent phospho-histone H3 (H3P) stains were imaged on a Leica M165 fluorescent dissecting microscope. The rabbit monoclonal antibody to H3ser10p from Millipore (04--817) was used for all cell division assays ([@bib40]). TUNEL was performed as previously described ([@bib48]). Mouse anti-PIWI-1 (gift of Dr Jochen Rink \[[@bib83]\]) was used at 1:1000. H3ser10p and TUNEL were quantified using freely available ImageJ software (<http://rsb.info.nih.gov/ij/>). Significance was determined by a 2-tailed Student\'s *t*-test unless otherwise noted. All experiments were, at minimum, performed in triplicate with at least 10 worms per stain and per time point (i.e., n \> 30). For irradiation experiments, planarians were exposed to 16.5 or 60 Gy of γ-irradiation from a ^137^Cs source. F-*ara*-EdU was fed to worms in liver paste at a concentration of 0.05 mg/ml for a 7-day chase (fed at 1fd6) or 0.5 mg/ml for a 24-hr chase (fed at 1fd6 and 1fd9) and stained as previously described following the normal fixation for ISH ([@bib44]; [@bib38]). BrdU was fed (at 1fd6) in liver paste at a concentration of 10 mg/ml and stained as previously described ([@bib79]). Confocal images were acquired on a Leica DMIRE2 inverted fluorescence microscope with a Hamamatsu Back-Thinned EM-CCD camera and spinning disc confocal scan head, and stitched together for whole-animal images. Images were post-processed in Adobe Photoshop and figures assembled in Macromedia Freehand.
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10.7554/eLife.07025.023

###### 

RNA-deep sequencing (RNAseq) from this study and previously published studies and analysis. Raw reads from RNAseq of fluorescence-activated cell sorting (FACS)-isolated X1 and X2 populations, lethally irradiated (60 Gray) whole worms (Irrad), and intact control worms (WTcontrols). *Tab 2*, transcripts identified using DESq as having enriched expression in the X1 population compared to irradiated animals, with adjusted *p*-value \< 0.001. *Tab 4*, transcripts identified using DESq as having enriched expression in the X2 population compared to irradiated animals, with adjusted *p*-value \< 0.01.

**DOI:** [http://dx.doi.org/10.7554/eLife.07025.023](10.7554/eLife.07025.023)

10.7554/eLife.07025.024

###### 

Established stem cell and progeny genes, and genes characterized in this study. *Tab 1--2*, listing of 59 verified neoblast-specific genes (*Known stem cell genes*) and five established postmitotic progeny genes previously shown to be enriched in the X2 FACS gate (*Known X2 epithelial progenitor genes*) used in [Figure 1](#fig1){ref-type="fig"}, [Figure 7](#fig7){ref-type="fig"}, and [Figure 7---figure supplement 1](#fig7s1){ref-type="fig"}. *Tab 3*, annotation of the top 100 X2-enriched genes chosen for expression analysis and RNA interference (RNAi) screening in this study. *Tab 4*, a total of 66 transcripts were identified as WT^high^X^low^, which are irradiation-sensitive transcripts with low expression in both the X1 and X2 irradiation-sensitive FACS gates. *Tab 5*, epithelial progenitor markers identified in this study.

**DOI:** [http://dx.doi.org/10.7554/eLife.07025.024](10.7554/eLife.07025.024)

10.7554/eLife.07025.025

###### 

Cell counts for co-localization of identified progeny markers with established epithelial progenitor genes. Total cell counts for established lineage markers *piwi-1*, *prog-1*, *prog-2*, and *AGAT-1*, and new progeny markers identified in this study are shown. All counts were performed in 3--4 animals at multiple body regions (head, pre-pharyngeal, tail).

**DOI:** [http://dx.doi.org/10.7554/eLife.07025.025](10.7554/eLife.07025.025)

10.7554/eLife.07025.026

###### 

Transcriptional analysis of *mex3-1(RNAi)* animals. Raw RNAseq reads of control and *mex3-1(RNAi)* animals are shown. Best homology to fly and mouse proteins are shown for the top 100 down-regulated genes. The top 21 uncharacterized down-regulated genes chosen for validation by WISH are indicated.

**DOI:** [http://dx.doi.org/10.7554/eLife.07025.026](10.7554/eLife.07025.026)

Major datasets {#s6-1}
--------------

The following dataset was generated:

Zhu SJ, Hallows SE, Currie KW, Xu C, Pearson BJ, 2015,A mex3 homolog is required for differentiation during planarian stem cell lineage development,<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE68581>,Publicly available at the NCBI Gene Expression Omnibus (Accession no: GSE68581).

Standard used to collect data: NCBI GEO

The following previously published datasets were used:

Pearson BJ, 2012,Planarian stem cell transcriptome,<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37910>,Publicly available at the NCBI Gene Expression Omnibus (Accession no: GSE37910).

Solana, *et al*, 2012,RNAseq in H2B RNAi,<http://sra.dnanexus.com/studies/ERP001079/runs>,European Sequence archive.

Alvarado S, 2015,Schmidtea mediterranea CIW4 Transcriptome,<http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA215411>,Publicly available at the NCBI Gene Expression Omnibus (Accession no: PRJNA215411).

10.7554/eLife.07025.027

Decision letter

Bronner

Marianne E

Reviewing editor

California Institute of Technology

,

United States

eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled "A *mex3* homolog drives differentiation during planarian stem cell lineage development" for consideration at *eLife*. Your article has been favorably evaluated by Fiona Watt (Senior editor), Marianne Bronner (Reviewing editor), and three reviewers.

The Reviewing editor and the reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

The authors transcriptionally profiled a population of irradiation-sensitive G1/G0 cells in planarians (from the "X2" FACS gate) that is a mixture of cycling and immediately post-mitotic cells. Analysis of genes enriched in this population identified 32 new markers of postmitotic neoblast progeny differentiating into epidermal fates. Additionally, through RNAi screening of these genes, *mex3-1* was identified as essential for differentiation into multiple planarian cell lineages (eye, neuronal lineages, and epithelium). *Mex3-1* inhibition decreased numbers of post-mitotic progenitors cells and concomitantly increased numbers of proliferating neoblasts, including three lineages specified within that population, causing failure of regeneration and tissue homeostasis. RNA-seq from *mex3-1(RNAi)* animals confirmed that *mex3-1* is a master regulator of genes expressed in post-mitotic neoblast progeny and also identified novel markers of differentiating cells in planarians. MEX3 proteins can repress translation to influence differentiation and asymmetric cell division. Still few molecules have been identified that control differentiation and cell cycle exit in planarians, and the identification of *mex3-1* in particular suggests the essentiality of asymmetric cell division in forming progenitor populations.

Although symmetric and asymmetric divisions have been predicted in this organism, this study provides the first molecular link to those processes in planarians. However, there are significant points that need to be addressed.

1\) The authors need to clarify the role of *mex3* in cell cycle exit by determining the ratio of *piwi*(mRNA)+*piwi*(protein)+ vs. *piwi*(mRNA)-*piwi*(protein)+ cells after *mex3* RNAi.

2\) They should address how *mex3(RNAi)* is distinct from RNAi of other factors required for neoblast differentiation (i.e. *p53*). In particular, does loss of *mex3* result in eventual loss of the neoblasts like *p53*? In [Figure 6D](#fig6){ref-type="fig"} there is a ∼3 fold drop in pH3+ cells between days 12 and 15. Is this due to depletion of the neoblast pool, similar to what happens with *p53*? What about at day 18? The authors should also assess *p53* requirement in gut/neural progenitors to determine if *mex3* is broader in its role.

3\) The authors need to provide further quantification of the neoblast results. The model that *mex3* is promoting the differentiation/renewal balance is influenced from their data on neoblast numbers, but at present, the data are not sufficient to strongly make the case. The EdU quantification indicated that there are more S-phase cells in *mex-3* RNAi animals, but this is a technically limited experiment because of patchy labeling. Where the counting was done in even an individual animal would yield very different results. Furthermore, the FACs quantification of cells greater than 2C (X1s) shows no clear difference or perhaps less in *mex3* RNAi ([Figure 4--figure supplement 1B](#fig4s1){ref-type="fig"}), and no increase in expansion of neoblasts, compared to the control, in the sublethal irradiation experiment is apparent. [Figure 5C](#fig5){ref-type="fig"} provides the strongest support, but no numbers are given, and it would be stronger with quantification from many animals and at multiple AP planes.

4\) Along the same lines, using the PIWI antibody ([Figure 5D/6C](#fig5 fig6){ref-type="fig"}) labels neoblasts and their descendants. Therefore, technically, stem cell subclasses are not shown. PIWI+ *hnf4*+ cells increase following *mex3* RNAi, whereas *ovo+* or *coe+* PIWI+ cells decrease. How do these opposing results fit with the model? The authors should attempt to resolve quantitative impacts of *mex3* RNAi on neoblast subclasses versus their non-dividing descendants using marker/*piwi*/PIWI labelings.

5\) Figures/data:

[Figure 1--figure supplement 1](#fig1s1){ref-type="fig"}: It is unclear whether the correlations were done on raw values or log-transformed values; if not log-transformed analyses, it should be plotted and analyzed this way to prevent overestimation of the correlation. Range/units on X and Y axes should be present. Graphs are overplotted, and might be better represented with 2D density plots. Red line is unclear; representing "a Pearson correlation coefficient of 1" is unclear. The correlation P values are unnecessary. RPM should be changed to CPM.

[Figure 1](#fig1){ref-type="fig"}: Y axis states "over Xins" when the comparison is to whole worms and Xins has been used to refer to a FACs gate in the literature.

In the first paragraph of the subsection headed "RNAseq analysis of the progeny-associated X2 FACS cell fraction": "stem cell markers can be highly expressed in the X2 fraction ([Figure 1A-B](#fig1){ref-type="fig"})" -- this is not shown in [Figure 1 A/B](#fig1){ref-type="fig"}.

[Figure1C](#fig1){ref-type="fig"}: The colors are saturated, and it seems the range shown does not capture the range of the data. If they are setting a maximum/minimum for the graph that is below the range of the data this should be stated in the legend, or the shown range changed.

[Figure 1A/B](#fig1){ref-type="fig"}: The "Lowess" curve (Loess fit?) is not needed, and the authors are encouraged to remove it.

[Figure 1A/B](#fig1){ref-type="fig"}: "new progeny markers" is an awkward Figure label for these genes.

[Figure 1C](#fig1){ref-type="fig"} legend: the description is poor -- it is a heatmap, Z score range, etc.

[Figure 1--figure supplement 2](#fig1s2){ref-type="fig"} is hard to read; trimming the end/uninformative part(s) would help focus on the region with similarity. Shown is not a "MUSCLE alignment" but a multiple sequence alignment done with MUSCLE. There is more than one shade of blue, which either represent similar or identical aa. The three rows of information below the alignment should be better described. Why not show all 24 in the alignment?

[Figure 2A](#fig2){ref-type="fig"}, genes are divided into early and late, but a given late marker in principle could also have been present in early cells. This might be worth noting in the text.

In the first paragraph of the subsection headed "New progeny markers label either early or late progeny of the epithelial lineage" the authors find that 5.4% of *prog-1* cells expressed low levels of AGAT-1, and Eisenhoffer 2008 reported 44%. They refer to these populations as "two mainly non-overlapping", which needs some clarification.

[Figure 3](#fig3){ref-type="fig"}.

Part A might be better as time following initiation of RNAi.

Part E: what happens at longer time points post RNAi? How much expression is not irradiation sensitive?

*mex3* orthology: The tree lacks an outgroup(s) with a similar RNA-binding domain to that present in this protein family. Therefore, without outgroups, any non-*mex3* family protein would give the same result as planarian MEX3 as presented in the tree in [Figure 3--figure supplement 1](#fig3s1){ref-type="fig"}.

[Figure 4](#fig4){ref-type="fig"}.

C: there is a clear TUNEL effect, without clear explanation. It might be worth simply noting in the text that the explanation for this late rise in TUNEL+ cell number is unclear.

C/D: Where counts were performed should be stated.

The X2s by FACs don\'t seem to be decreased following mex RNAi ([Figure 4--figure supplement 1](#fig4s1){ref-type="fig"}), and yet there is a strong impact on *prog*-like+ cells by in situ. Is there an explanation? For example, is the fraction of X2s that are neoblasts (*piwi+*) increasing?

[Figure 5](#fig5){ref-type="fig"}.

B: This is a nice result clearly showing neoblast increases can occur in *mex3* RNAi animals. The images are dark and hard to see in the present figure file.

D: Using the PIWI antibody labels neoblasts and their descendants. Therefore, technically stem cell subclasses are not shown. I recommend having a simple cell count plot instead of showing ratios. The high variance of the data in the *hnf4* and *zfp1* counts, suggest the the *p*-value is a bit surprising, although without seeing the counts, that is hard to evaluate.

[Figure 6](#fig6){ref-type="fig"}.

A: There wasn\'t really a "chase", it was a pulse + 7 days. The wording could be modified.

C: See comments on [Figure 5D](#fig5){ref-type="fig"}. The PIWI ab here is less of a concern, if the wording is clear that these are neoblasts and/or descendants involved in tissue turnover. The ratio comment applies here as well. Number of animals counted should be noted.

Is *mex-3* expressed in the any/all of these three sets of cells?

[Figure 7](#fig7){ref-type="fig"}.

B: Are these indeed a similar class of cells studied in prior parts of the paper? (Several double-FISH tests would quickly confirm this). How do these look in the WT-high X-low data?

C: numbers, rather than ratios would give reader a better understanding of how many cells were present/ counted. What fraction of these are PIWI+?

What is the expression of the candidate pharynx progenitor marker in irradiated worms?

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled "A *mex3* homolog is required for differentiation during planarian stem cell lineage development" for further consideration at *eLife*. Your revised article has been favorably evaluated by Fiona Watt (Senior editor), a Reviewing editor, and three reviewers. The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

1\) Reply to point \#2: "We have included data demonstrating that *mex3-1* is also expressed in *chat*^*+*^ neural progenitors ([Figure 6--Figure supplement 1](#fig6s1){ref-type="fig"})" -- this was done with PIWI1 antibody and therefore these cells are not necessarily progenitors; they could be newly differentiated cells. "*p53* knockdown does not significantly reduce *ovo*^*+*^ and *chat*^*+*^ progenitors" -- again, it was done with a PIWI1 antibody, and therefore those are not necessarily progenitors.

The wording should be addressed accordingly (or *smedwi* mRNA could be used).

Related to this, in the reply to major point 4: Would the authors' argument about *hnf4* predict that *smedwi* (mRNA)+ *coe*+ cell would go up in frequency? This could in principle be tested to further support the proposed model.

2\) [Figure 1--figure supplement 1](#fig1s1){ref-type="fig"}. Again, in this reviewer\'s view plots should be log transformed and correlation done on log-transformed values.

3\) [Figure 1C](#fig1){ref-type="fig"}. The response did not satisfactorily address the review comment. The legend states the z-score range shown, but if the data is not showing the actual z-score values, why not state what the actual range of the z-scores was in the data in the legend such that it is clear that some values were much lower/higher than the cutoffs on the range shown?

4\) MEX-3 orthology: The authors clarified their goal for the MEX3 phylogeny, which makes this tree of limited value; however, the answer leaves the evidence for MEX-3 orthology poorly described in the manuscript. Perhaps the authors can more explicitly describe in the methods the evidence that this is a MEX-3 ortholog (e.g., phylogenetics, unique domain architecture specific to this family, or lack of any other proteins with similarity near that present with the MEX-3 family in reciprocal genome searches).

\[Editors\' note: final revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled "A *mex3* homolog is required for differentiation during planarian stem cell lineage development" for further consideration at *eLife*. Your revised article has been evaluated by Fiona Watt (Senior editor), a Reviewing editor, and one of the original reviewers. The manuscript has been improved but there are still some differences in interpretation that we would ask you to address.

Reviewer \#2:

Below is a discussion on comments regarding SMEDWI^+^ cells and the term "progenitor".

1\) Original Review: "We have included data demonstrating that *mex3-1* is also expressed in *chat*^*+*^ neural progenitors ([Figure 6--Figure supplement 1](#fig6s1){ref-type="fig"})". This was done with PIWI1 antibody and therefore these cells are not necessarily progenitors; they could be newly differentiated cells.

Author Comment: "We believe this is confusion in terminology. By 'progenitors' we do not mean an equivalent of dividing progenitors or transit amplifying cells from other systems, but instead imply a committed cell that has not yet fully differentiated and physically integrated into the terminal tissue..."

Reviewer Reply: Dividing or being transit amplifying is not the point of confusion. It is simple: a SMEDWI^+^ cell could be differentiated. SMEDWI^+^ cells can be fully integrated into tissues and express differentiated markers. For instance, [@bib83]: "SMEDWI-1^+^ descendant cells expressed a choline acetyl-transferase ortholog, Smed-chat (Figure supplement 6); *chat* expression is widely conserved in cholinergic neurons (34). SMEDWI-1+; *chat*^*+*^ cells were enriched in brain regions and had neuronal morphology, and *chat*^*+*^ cells co-expressed additional neuronal markers (Figure supplement 6), indicating that SMEDWI-1^+^; *chat*^*+*^ cells are differentiating neurons".

Similarly, [@bib73]: SMEDWI^+^ cells can also be seen to co-express protonephridial differentiated cell markers (carbonic anhydrase and cubulin).

2\) Author Comment: "To try to minimize this confusion, we named most of our newly discovered transcripts in the 'postmitotic progeny' series. In this current revision, we have also tried to minimize the use of the word progenitor. So to directly address this comment: 'progenitors', 'stem cell progeny', and 'newly differentiating cells' are equivalent".

Reviewer Reply: "newly differentiated cells" is what was written, but "newly differentiating" and "newly differentiated" are hard to really to distinguish regardless. The point is that calling something a neural progenitor, when it might be a cell with axons and differentiating or differentiated seems inaccurate.

3\) Author Comment: "Because PIWI-1 labels stem cells and immediate post-mitotic descendants, we consider 'progenitors' to be cells that are PIWI-1+\[tissue-specific marker\]+, to mark cells in the early stages of commitment".

Reviewer Reply: In this reviewer's view, this cannot be concluded (see above). According to available data, it is not possible to exclude, without additional data for a given tissue/cell type, the possible interpretation that any given SMEDWI^+^ cell is a differentiated cell.

4\) Author Comment: "As no permanent lineage tracing can yet be done in our system, it is impossible to know the terminal fates of individual cells and whether these *piwi-1*^*+*^ progenitors self-renew. We have attempted to clarify this in the text, and this rebuttal document will also help readers".

Reviewer Reply: The request was simply to be clear with wording in the instances when PIWI antibody is used only. There is strong evidence that these PIWI+ cells are neoblast descendants, either undifferentiated or newly differentiated. It can be useful as a tool used in this way; the authors should just be clear with wording, describing these cells as neoblast descendants rather than progenitors. Or, one could choose to be more explicit than "neoblast descendant" and state: neoblast, undifferentiated neoblast descendants, or newly differentiated/ing neoblast descendants. Or, if "progenitor" was really desired, something along the lines of "neoblast descendants, including undifferentiated progenitors and possibly newly differentiated cells".

5\) Original Review: "*p53* knockdown does not significantly reduce *ovo*^*+*^ and *chat*^*+*^ progenitors" -- again, it was done with a PIWI1 antibody, and therefore those are not necessarily progenitors. The wording should be addressed accordingly (or *smedwi* mRNA could be used).

Author Comment: "We have clarified in the text our use of the term 'progenitor'. We use the same progenitor term used in Lapan and Reddien (Plos Genetics 2011) and Lapan and Reddien (Cell Reports 2012) describing the *sp6-9*^*+*^ and *ovo*^*+*^ cells as eye progenitors, respectively. A similar terminology was used in the *eLife* manuscript by [@bib3] regarding *FoxA*^*+*^ progenitors. Text changes can be found in the third paragraph of the Introduction and in the subsection headed '*mex3-1* is required for turnover of multiple tissues'."

Reviewer Reply: In the case of the eye, cells outside of the eye (an epithelial optic cup and a neural ganglion) could be visualized and described as progenitors. A SMEDWI^+^ neuron in the eye would not considered a progenitor, but an eye cell -- a similar such cell would be harder to identify in a less discrete tissue/cell population.

10.7554/eLife.07025.028

Author response

*1) The authors need to clarify the role of* mex3 *in cell cycle exit by determining the ratio of* piwi*(mRNA)+*piwi*(protein)+ vs.* piwi*(mRNA)-*piwi*(protein)+ cells after* mex3 *RNAi*.

This is a good experiment and we now provide these data and show that the ratio of *piwi-1*^+^PIWI-1^+^ cells to *piwi-1*^-^PIWI-1^+^ cells increases significantly after *mex3-1* RNAi ([Figure 6F](#fig6){ref-type="fig"}). Counts were performed in multiple regions of animals (head, neck, and tail). The percentage of PIWI-1^+^ cells negative for *piwi-1* mRNA is 22.7% in controls, and 6.4% in *mex3-1(RNAi)* animals, further supporting the role of *mex3-1* in promoting the global adoption of a post-mitotic fate. It should be noted that this suggested experiment has 2 rather large assumptions. First, that *piwi-1* RNA is always transcribed throughout the cell cycle of cycling stem cells, which has never been demonstrated. Second, it has been shown that about 10-20% of sorted X1's could not be labeled for *piwi-1* RNA in previous publications (Reddien, 2005, and Eisenhoffer, 2008), which may skew results if those unlabeled dividing cells were still PIWI-1+.

*2) They should address how* mex3(RNAi) *is distinct from RNAi of other factors required for neoblast differentiation (i.e.* p53*). In particular, does loss of* mex3 *result in eventual loss of the neoblasts like* p53*? In* [*Figure 6D*](#fig6){ref-type="fig"} *there is a ∼3 fold drop in pH3+ cells between days 12 and 15. Is this due to depletion of the neoblast pool, similar to what happens with* p53*? What about at day 18? The authors should also assess* p53 *requirement in gut/neural progenitors to determine if* mex3 *is broader in its role*.

These are good points. We believe the *mex3-1* RNAi phenotype is very different from that of *p53*. We never see loss of stem cells in the *mex3-1(RNAi)* animals as is seen after *p53* knockdown. We have added in additional lineage stains at a longer time point (day 20), as well as stains of animals with a greater number of RNAi feedings (3 feeds) to demonstrate the persistence of stem cells ([Figure 4--figure supplement 1](#fig4s1){ref-type="fig"}). With regards to the drop in H3P from day 12 to 15, we believe this is partly attributable to the single-feed effects of *mex3-1* RNAi actually wearing off. As seen at the day 20 lineage stains, epithelial post-mitotic progeny begin to reappear. As this rebalance of making progeny is restored (perhaps asymmetry restored to the lineage), H3P levels are seen to return close normal. Again, this is not due to a loss of stem cells as it is in *p53(RNAi)*, where the H3P levels go to zero. We attribute the fact that 100% of the animals still die to the fact that progeny have been absent for too long for the animal to recover. We have also included additional time points of H3P immunostaining (days 18 and 21), demonstrating that while *mex3-1(RNAi)* H3P levels are declining, they are still significantly increased compared to controls.

Our data also demonstrate that *mex3-1* has a broader role than *p53* in differentiation. *mex3-1* mRNA is present in all *piwi-1*^+^ and *prog-1*^+^ and *AGAT-1*^+^ cells, whereas the majority of *p53* expression is restricted to *prog-1*^+^ cells. We have included data demonstrating that *mex3-1* is also expressed in *chat*^+^ neural progenitors ([Figure 6--figure supplement 1](#fig6s1){ref-type="fig"}), and is not restricted to epithelial progenitors. We have also included additional data demonstrating that *p53* knockdown does not significantly reduce *ovo*^+^ and *chat*^+^ progenitors ([Figure 6--figure supplement 2](#fig6s2){ref-type="fig"}).

*3) The authors need to provide further quantification of the neoblast results. The model that* mex3 *is promoting the differentiation/renewal balance is influenced from their data on neoblast numbers, but at present, the data are not sufficient to strongly make the case. The EdU quantification indicated that there are more S-phase cells in* mex-3 *RNAi animals, but this is a technically limited experiment because of patchy labeling. Where the counting was done in even an individual animal would yield very different results. Furthermore, the FACs quantification of cells greater than 2C (X1s) shows no clear difference or perhaps less in* mex3 *RNAi (*[*Figure 4--figure supplement 1B*](#fig4s1){ref-type="fig"}*), and no increase in expansion of neoblasts, compared to the control, in the sublethal irradiation experiment is apparent.* [*Figure 5C*](#fig5){ref-type="fig"} *provides the strongest support, but no numbers are given, and it would be stronger with quantification from many animals and at multiple AP planes*.

We have provided additional quantification of neoblast numbers which we believe further support our model. We performed quantification of *piwi-1*^+^ cells in matched locations for the head, neck, and tail of animals (counting dorsal to ventral, [Figure 6F](#fig6){ref-type="fig"}), as well as quantification at two more AP planes (in the middle of the pharynx, and in the tail, [Figure 5--figure supplement 1](#fig5s1){ref-type="fig"}), all which show that *piwi-1*^+^ cells are significantly increased after *mex3-1* RNAi. All graphs now show cell counts normalized to surface area, instead of being expressed as a ratio to controls.

With regards to the EdU quantification, our EdU labeling is fairly homogenous and similar between animals, but the protocol does result in non-homogenous background staining that is more noticeable in a single confocal plane with low magnification. We have replaced the whole-worm EdU images with new pictures containing less background. Concerning the sublethal irradiation experiment, it should be noted that *mex3-1(RNAi)* animals are more susceptible to irradiation than controls, and also die sooner than non-irradiated *mex3-1(RNAi)* animals (and not long after the day 9 post-irradiation time point). This overall decline in health may limit the ability of stem cells to expand. We do not believe that FACS-gate quantification is consistent enough to say much more than the cells are present at relatively normal levels.

*4) Along the same lines, using the PIWI antibody (*[*Figure 5D/6C*](#fig5 fig6){ref-type="fig"}*) labels neoblasts and their descendants. Therefore, technically, stem cell subclasses are not shown. PIWI+* hnf4*+ cells increase following* mex3 *RNAi, whereas* ovo+ *or* coe+ *PIWI+ cells decrease. How do these opposing results fit with the model? The authors should attempt to resolve quantitative impacts of mex3 RNAi on neoblast subclasses versus their non-dividing descendants using marker/*piwi*/PIWI labelings*.

We agree with the point that the PIWI-1 antibody also labels immediate neoblast descendants, and have repeated neoblast subclass quantification with *piwi-1* labeling instead ([Figure 5D](#fig5){ref-type="fig"}). Our new quantification similarly shows that the three subclasses measured all significantly increase after *mex3-1* knockdown. Combined with our new data examining the ratios of *piwi-1*^+^PIWI-1^+^ cells to *piwi-1*^-^PIWI-1^+^ cells in *mex3-1(RNAi)* animals, our results show an overall increase in neoblasts and decrease in non-dividing descendants. *hnf4* was recently found to be part of an expression signature of a third subclass of neoblast (gamma subclass), and was postulated by [@bib79] to be a gut-restricted stem cell type, not a postmitotic progenitor type. (In either case, this specific cell type has not been thoroughly investigated.) We believe the increase of *hnf4*^+^PIWI-1^+^ in *mex3-1(RNAi)* animals is due to the increase in *hnf4*^+^*piwi-1*^+^ gamma neoblasts, which we have now shown. To address the impact of *mex3-1* RNAi on gut differentiation, we have included a BrdU labeling experiment looking at entry of new cells into the gut ([Figure 6E](#fig6){ref-type="fig"}) and show that it is decreased.

*5) Figures/data*:

[*Figure 1--figure supplement 1*](#fig1s1){ref-type="fig"}*: It is unclear whether the correlations were done on raw values or log-transformed values; if not log-transformed analyses, it should be plotted and analyzed this way to prevent overestimation of the correlation. Range/units on X and Y axes should be present. Graphs are overplotted, and might be better represented with 2D density plots. Red line is unclear; representing "a Pearson correlation coefficient of 1" is unclear. The correlation P values are unnecessary. RPM should be changed to CPM*.

Thank you for the suggestions, we have addressed these points in the revised figure and legend. We did not choose 2D density plots because that would show the distribution, and datasets can have the same distribution without being correlated.

[*Figure 1*](#fig1){ref-type="fig"}*: Y axis states "over Xins" when the comparison is to whole worms and Xins has been used to refer to a FACs gate in the literature*.

We have changed the term to "over irrad" instead of Xins and explain what that means in the legend.

*In the first paragraph of the subsection headed "RNAseq analysis of the progeny-associated X2 FACS cell fraction": "stem cell markers can be highly expressed in the X2 fraction (*[*Figure 1A-B*](#fig1){ref-type="fig"}*)" -- this is not shown in* [*Figure 1 A/B*](#fig1){ref-type="fig"}.

We have now plotted *piwi-1/2*, *cyclinB*, and *PCNA* on the graphs in [Figure 1A](#fig1){ref-type="fig"} and *prog-1/2* and *AGAT-1/2/3* in [Figure 1B](#fig1){ref-type="fig"}.

[*Figure1C*](#fig1){ref-type="fig"}*: The colors are saturated, and it seems the range shown does not capture the range of the data. If they are setting a maximum/minimum for the graph that is below the range of the data this should be stated in the legend, or the shown range changed*.

We have attempted to adjust this, but it should be noted that the heatmap is meant to be a visual tool to understand the experimental paradigm of the study, not a specific way to understand the expression dynamics of 80,000+ transcripts. Therefore, we intentionally adjusted the parameters to make the plot as binary as possible to reflect the Venn diagrams. The reality is that z-score and fold-change cutoffs are arbitrary.

[*Figure 1A/B*](#fig1){ref-type="fig"}*: The "Lowess" curve (Loess fit?) is not needed, and the authors are encouraged to remove it*.

We have removed these curves.

[*Figure 1A/B*](#fig1){ref-type="fig"}*: "new progeny markers" is an awkward Figure label for these genes*.

We agree with this and have now changed to label to read "epithelial progenitor markers."

[*Figure 1C*](#fig1){ref-type="fig"} *legend: the description is poor -- it is a heatmap, Z score range, etc*.

We have added in additional information.

[*Figure 1--figure supplement 2*](#fig1s2){ref-type="fig"} *is hard to read; trimming the end/uninformative part(s) would help focus on the region with similarity. Shown is not a "MUSCLE alignment" but a multiple sequence alignment done with MUSCLE. There is more than one shade of blue, which either represent similar or identical aa. The three rows of information below the alignment should be better described. Why not show all 24 in the alignment?*

We have made the suggested changes in the alignment (trimmed) and descriptions in the figure legend for the blue shading and data below the alignment. We are not including all 24 *prog*-homologs because they are not X2 or X1 enriched, nor are they irradiation sensitive. This is not a definitive study of this gene family. We have changed the wording of the sentence; however, it was grammatically correct as written due to the fact that the "MUS" in MUSCLE stands for "MUltiple Sequence".

[*Figure 2A*](#fig2){ref-type="fig"}*, genes are divided into early and late, but a given late marker in principle could also have been present in early cells. This might be worth noting in the text*.

We have performed all the pairwise dFISH and this is not the case ([Figure 2--figure supplement 3](#fig2s3){ref-type="fig"}). We have noted this in the text.

*In the first paragraph of the subsection headed "New progeny markers label either early or late progeny of the epithelial lineage" the authors find that 5.4% of* prog-1 *cells expressed low levels of AGAT-1, and Eisenhoffer 2008 reported 44%. They refer to these populations as "two mainly non-overlapping", which needs some clarification*.

We have added in a sentence to clarify the discrepancy. As an interesting side note on our percentage overlap for any planarian reviewers/readers of this document, we found that there is some sort of non-specific riboprobe interaction that gives false positive results between *prog-1* and *AGAT-1*. This is only apparent using our new markers and *prog-2* along with careful analyses. Essentially, we believe that the Eisenhoffer, 2008 result is an artifact of older ISH techniques. It is also why we need as many markers as possible for any given cell type.

[*Figure 3*](#fig3){ref-type="fig"}*.*

*Part A might be better as time following initiation of RNAi*.

We have adjusted the graph to reflect days following RNAi initiation.

Part E: what happens at longer time points post RNAi? How much expression is not irradiation sensitive?

We have added whole-mount ISH stains of *mex3-1* at later time points after irradiation which show that very little to no expression remains by 7 days, which was already known by RNAseq at this time point.

mex3 *orthology: The tree lacks an outgroup(s) with a similar RNA-binding domain to that present in this protein family. Therefore, without outgroups, any non-mex3 family protein would give the same result as planarian MEX3 as presented in the tree in* [*Figure 3--figure supplement 1*](#fig3s1){ref-type="fig"}*.*

An outgroup would certainly be helpful if we wanted to determine whether a given KH-domain protein was a MEX3 ortholog or closer to another family member of the KH-family. However, in this case, we have pre-selected all the genes to be of the *mex3* family, which is clear by reciprocal BLAST. Therefore, we are not trying to determine whether they are actually *mex3*-family genes, which is when outgroups are most helpful. We are only interested about the potential orthology. By selecting an outgroup, you are telling the analysis program that you know something about the ancestral sequence of the gene family in the tree, which we do not. Unrooted trees take an unbiased approach of detecting the relationships between the tips of the branches. The only question we were asking in our phylogeny is whether there is direct orthology in the multiple vertebrate sequences with the multiple planarian sequences. The ancestral condition is clearly a single *mex3* gene in invertebrates, so already by parsimony it would be unlikely that the orthology of a given planarian gene would be orthologous to an individual vertebrate gene, but it was a formal possibility to test with this analysis. For that to be true in reality, it would require gene loss of the other homologs in most other phyla, as well as the genes not to have been duplicated in the whole genome duplications vertebrates have undergone (i.e. not parsimonious). Our phylogeny simply confirms that the *mex3* planarian genes are planarian paralogs. We are happy to remove the phylogeny if necessary, but do not agree with trying to outgroup the gene family. The downsides of outgrouping are well documented: "The problem of rooting rapid radiations. "MolBiolEvol*.* 2007 or "Outgroup misplacement and phylogenetic inaccuracy under a molecular clock -- a simulation study" Syst Biol*.* 2003.

[*Figure 4*](#fig4){ref-type="fig"}*.*

*C: there is a clear TUNEL effect, without clear explanation. It might be worth simply noting in the text that the explanation for this late rise in TUNEL+ cell number is unclear*.

We apologize for this oversight and attribute the rise in TUNEL to decline in overall animal health and when lesions begin to appear, etc. (although lesioned animals were not stained). The text has been modified to state this.

*C/D: Where counts were performed should be stated*.

Whole-animal counts were performed. This has now been noted in the figure legend.

*The X2s by FACs don\'t seem to be decreased following mex RNAi (*[*Figure 4--figure supplement 1*](#fig4s1){ref-type="fig"}*), and yet there is a strong impact on* prog*-like+ cells by in situ. Is there an explanation? For example, is the fraction of X2s that are neoblasts (*piwi+*) increasing?*

We do not provide interpretation for this result. Because prog and AGAT cells only make up ∼20% of the X2 gate, and because there are stem cells in the X2 gate, we believe there is not a strong impact of losing progeny and increasing stem cells on the relative amounts of cells in each gate. Perhaps a future experiment would be to purify the remaining X2 cells and sequence them to see what transcripts are expressed in this gate. As stated above, we put relatively little weight on results of FACS gate percentages due to high variability in the technique currently based solely on vital dye staining.

[*Figure 5*](#fig5){ref-type="fig"}*.*

*B*: *This is a nice result clearly showing neoblast increases can occur in* mex3 *RNAi animals. The images are dark and hard to see in the present figure file.*

Thank you, we have made sure the brightness is balanced, but believe this was a file conversion issue as well in the original submission.

*D: Using the PIWI antibody labels neoblasts and their descendants. Therefore, technically stem cell subclasses are not shown. I recommend having a simple cell count plot instead of showing ratios. The high variance of the data in the* hnf4 *and* zfp1 *counts, suggest the the* p*-value is a bit surprising, although without seeing the counts, that is hard to evaluate*.

As mentioned above, we have repeated the experiment using a *piwi-1* riboprobe instead of antibody, to more accurately label neoblasts. We have also changed the graph to show counts normalized to area (the same area was counted for all worms), instead of ratios normalized to control RNAi animals. A scatter plot of raw counts on piwi-1/PIWI-1 ratios of cells is now in [Figure 6F](#fig6){ref-type="fig"} and should be clear.

[*Figure 6*](#fig6){ref-type="fig"}*.*

*A: There wasn\'t really a "chase", it was a pulse + 7 days. The wording could be modified*.

We have modified the wording accordingly.

*C: See comments on* [*Figure 5D*](#fig5){ref-type="fig"}*. The PIWI ab here is less of a concern, if the wording is clear that these are neoblasts and/or descendants involved in tissue turnover. The ratio comment applies here as well. Number of animals counted should be noted.*

We have replaced the bar graphs to show counts instead of ratios, and have included number of animals counted in the figure legend.

*Is* mex-3 *expressed in the any/all of these three sets of cells?*

We have examined *mex3-1* expression in *chat*^+^PIWI-1^+^ progenitors and found that almost all (97.8%) express *mex3-1* ([Figure 6--figure supplement 1](#fig6s1){ref-type="fig"}).

[*Figure 7*](#fig7){ref-type="fig"}*.*

B: Are these indeed a similar class of cells studied in prior parts of the paper? (Several double-FISH tests would quickly confirm this). How do these look in the WT-high X-low data?

We have examined expression of two of these genes by irradiation and dFISH. Both show kinetics of down-regulation similar to *AGAT-1*, and co-localize highly with *AGAT-1* ([Figure 7--figure supplement 2](#fig7s2){ref-type="fig"}). All 21 genes can be categorized as having a WT^high^X^low^ expression profile, which we have added to the text.

C: numbers, rather than ratios would give reader a better understanding of how many cells were present/ counted. What fraction of these are PIWI+?

We have replaced the bar graph to show number of cells counted instead of ratios. We have also indicated in the top right corner of the *SmedASXL059179*/PIWI-1 image panel the percentage of *SmedASXL059179*^+^ cells that express PIWI-1.

What is the expression of the candidate pharynx progenitor marker in irradiated worms?

It is progressively lost and completely gone by day 7 post-irradiation. This has now been added to [Figure 7--figure supplement 2](#fig7s2){ref-type="fig"}.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

*1) Reply to point \#2: "We have included data demonstrating that* mex3-1 *is also expressed in* chat^+^ *neural progenitors (*[*Figure 6--Figure supplement 1*](#fig6s1){ref-type="fig"}*)". This was done with PIWI1 antibody and therefore these cells are not necessarily progenitors; they could be newly differentiated cells.*

We believe this is confusion in terminology. By "progenitors" we do not mean an equivalent of dividing progenitors or transit amplifying cells from other systems, but instead imply a committed cell that has not yet fully differentiated and physically integrated into the terminal tissue, similar to the DCX^+^ non-dividing "neuroblasts" of the mammalian cortex. To try to minimize this confusion, we named most of our newly discovered transcripts in the "postmitotic progeny" series. In this current revision, we have also tried to minimize the use of the word progenitor. So to directly address this comment: "progenitors", "stem cell progeny", and "newly differentiating cells" are equivalent.

Because PIWI-1 labels stem cells and immediate post-mitotic descendants, we consider "progenitors" to be cells that are PIWI-1^+^\[tissue-specific marker\]^+^, to mark cells in the early stages of commitment. For some tissues like the eyes, progenitors are easily demarcated as a trail of *sp6-9*^+^ and *ovo*^+^ posterior to the eyes. These trail cells are PIWI-1^+^, but can also be counted without the use of PIWI-1^+^ labeling. For tissues without clear physical separation of progenitors, like neural tissues, the use of PIWI-1^+^ is needed. Additionally, not all progenitors express *piwi-1* mRNA; for example, in the trail of eye progenitors, *piwi-1* mRNA expression is limited to the posterior-most cells. As no permanent lineage tracing can yet be done in our system, it is impossible to know the terminal fates of individual cells and whether these *piwi-1*^+^ progenitors self-renew. We have attempted to clarify this in the text, and this rebuttal document will also help readers.

*"*p53 *knockdown does not significantly reduce* ovo^+^ *and* chat^+^ *progenitors" -- again, it was done with a PIWI1 antibody, and therefore those are not necessarily progenitors.*

*The wording should be addressed accordingly (or* smedwi *mRNA could be used).*

We have clarified in the text our use of the term "progenitor". We use the same progenitor term used in Lapan and Reddien (Plos Genetics 2011) and Lapan and Reddien (Cell Reports 2012) describing the *sp6-9*^+^ and *ovo*^+^ cells as eye progenitors, respectively. A similar terminology was used in the *eLife* manuscript by [@bib3] regarding *FoxA*^+^ progenitors. Text changes can be found in the third paragraph of the Introduction and in the subsection headed "*mex3-1* is required for turnover of multiple tissues".

*Related to this, in the reply to major point 4: Would the authors' argument about* hnf4 *predict that* smedwi *(mRNA)+* coe*+ cell would go up in frequency? This could in principle be tested to further support the proposed model*.

Considering that we do not know whether a neural stem cell exists that is akin to gamma, zeta, or sigma neoblasts, nor what terminal cell types would be made by such a neural stem cell, this would be an over-interpretation. The manuscript is not focused on stem cell types, but is focused on how non-stem cell fates are made. Our model is currently supported by measuring gamma, zeta, and sigma neoblasts, as well as counting thousands of *piwi-1*^+^PIWI-1^+^ neoblasts and *piwi-1*^-^PIWI-1^+^ immediate post-mitotic descendants as requested previously. The result in [Figure 6D](#fig6){ref-type="fig"} where PIWI+coe+ cells in between the brain lobes are lost suggests these are progeny, not a stem cell class.

*2)* [*Figure 1--figure supplement 1*](#fig1s1){ref-type="fig"}*. Again, in this reviewer\'s view plots should be log transformed and correlation done on log-transformed values*.

This figure has been updated, resulting in no change in interpretation.

*3)* [*Figure 1C*](#fig1){ref-type="fig"}*. The response did not satisfactorily address the review comment. The legend states the z-score range shown, but if the data is not showing the actual z-score values*, *why not state what the actual range of the z-scores was in the data in the legend such that it is clear that some values were much lower/higher than the cutoffs on the range shown?*

We have modified the figure legend to more accurately state that the heatmap shows transformed z-scores, not raw z-scores. We used the Partek software suite to construct our heatmap, to allow us to adjust the saturation range of z-scores in order to make the heatmap more interpretable for the reader as a visual tool. The saturation range for z-scores is more or less arbitrarily picked to increase the resolution of expression differences and de-emphasize the saturated signals. A transformed range of z-scores from -0.5 to 0.5 empirically yielded the best results. We have provided supplemental files of all the raw transcript counts that went into the heatmap, and interested readers can peruse further if they desire more detail on the maximal/minimal fold changes and z-ranges using their preferred method. All significantly enriched transcripts by DESeq are shown in the log-fold change MA plots in [Figure 1](#fig1){ref-type="fig"}.

*4) MEX-3 orthology: The authors clarified their goal for the MEX3 phylogeny, which makes this tree of limited value; however, the answer leaves the evidence for MEX-3 orthology poorly described in the manuscript. Perhaps the authors can more explicitly describe in the methods the evidence that this is a MEX-3 ortholog (e.g., phylogenetics, unique domain architecture specific to this family, or lack of any other proteins with similarity near that present with the MEX-3 family in reciprocal genome searches)*.

We have provided more textual information about the reciprocal blasting and domains in determining MEX-3 orthology (in the second paragraph of the subsection headed "RNAi screening identifies *mex3-1* as candidate regulator of differentiation").

\[Editors\' note: final revisions were requested prior to acceptance, as described below.\]

Reviewer \#2:

*Below is a discussion on comments regarding SMEDWI*^*+*^ *cells and the term "progenitor"*.

*\[...\] 5) Original Review: "*p53 *knockdown does not significantly reduce* ovo^+^ *and* chat^+^ *progenitors" -- again, it was done with a PIWI1 antibody, and therefore those are not necessarily progenitors. The wording should be addressed accordingly (or* smedwi *mRNA could be used)*.

*Author Comment: "We have clarified in the text our use of the term 'progenitor'. We use the same progenitor term used in Lapan and Reddien (Plos Genetics 2011) and Lapan and Reddien (Cell Reports 2012) describing the* sp6-9^+^ *and* ovo^+^ *cells as eye progenitors, respectively. A similar terminology was used in the* eLife *manuscript by* [@bib3] *regarding* FoxA^+^ *progenitors. Text changes can be found in the third paragraph of the Introduction and in the subsection headed "*mex3-1 *is required for turnover of multiple tissues"*.

*Reviewer Reply: In the case of the eye, cells outside of the eye (an epithelial optic cup and a neural ganglion) could be visualized and described as progenitors. A SMEDWI*^*+*^ *neuron in the eye would not considered a progenitor, but an eye cell -- a similar such cell would be harder to identify in a less discrete tissue/cell population.*

Comments 1-5 are all addressed by addressing Reviewer Reply Point \#4.

We have removed the use of the term "progenitor" as suggested specifically for *chat*^*+*^PIWI-1^+^ and *six1/2-2*^*+*^PIWI-1^+^, and have renamed these cells "neoblast progeny", and stated that this includes "undifferentiated progenitors and newly differentiating cells". We do not believe these cells can be considered fully differentiated, due to their expression of the stem cell marker PIWI-1, being irradiation-sensitive, and not being stable in their gene expression as you would expect of a truly differentiated cell. (Fully mature neurons do not express PIWI-1 and are not irradiation-sensitive like this population. Guo et al*.* (2006) demonstrated that all PIWI-1^+^ cells are ablated 3 days after irradiation.). We also added a sentence about PIWI-1^+^ cells being of unknown stage of differentiation ("It is unknown how differentiated these *piwi-1-* PIWI-1^+^ cells are, but they are clearly in a transition from a stem cell gene expression state to various 12 postmitotic fates").

Furthermore, it cannot be concluded from the [@bib83] study cited by the reviewer that SMEDWI-1+*chat+* cells (which the paper states are "enriched in brain regions and often adopted a non-neoblast cell morphology that included long axon-like cytoplasmic processes") are "fully integrated into tissues" as the reviewer suggests. Even the authors of that paper refer to these cells as "differentiating", not "differentiated". Similarly, in Scimone et al*.* (2011), SMEDWI-1^+^ cells which co-express both a transcription factor (such as six1/2-2) and a differentiated marker (such as CA or cubulin) were referred to as "cells in intermediate stages between precursors and differentiated cells".

It is inconsistent that this reviewer will allow analogous cells for other tissues *FoxA*^*+*^PIWI-1^+^ cells, *ovo*^*+*^PIWI-1^+^ cells, and *epithelial-progeny-marker*^*+*^PIWI-1^+^ cells being called progenitors, whereas the seemingly equivalent cells in the brain or protonephridia require a different terminology.
